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FOREWORD

This report was prepared by personnel of the School of Engineering of
the University of Dayton, under USAF Contract F33615-73-C-3023, Project
1369, Task 01, Work Unit 17. This work was accomplished under the
direction of the Vehicle Equipment Division, Air Force Flight Dynamics
Laboratory, Air Force Wright Aeronautical Laboratories, Wright-Patterson
Air Force Base, Ohio, Mr. George J. Sperry, AFFDL/FEM, Project
Engineer. ASD/PPMNA was the controlling procurement office.

This report covers work conducted from 1 January 1974 to 15 May 1975,
A prior report, AFFDL-TR-74-6, entitled "Landing Gear/Soil Interaction
Development of Criteria for Aircraft Operation on Soil During Turning and
High Speed Straight Roll, " was also developed under this contract and
released January 1974, The first report discusses a turned tire test program,
initial work on a digital program for turning prediction, high speed drag
prediction and a takeoff program development, The second vear's effort,
reported herein, discusses the use of the turned tire data, use of multipass
data, roughness analysis through a digital program, and development nf
improved predictive digital programs for takeoff, landing, turning and taxi

performance. The authors' submittal date was 1 Octoker 1975,

The authors wish to thank Mr, Sperry for his support and assistance
in the accomplishment of the research activities and in the successful

conduction of these training sessions.
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SECTION 1}

INTRODUCTION AND SUMMARY

The continuing design and operational requirement for aircraft to

operate on unimproved runways, as evidenced by the current design
requirements on the MSTOL aircraft currently under development, has
resulted in continuing efforts to identify and analyze the primary and
secondary variables which influence aircraft flotation/operation perform-
ance on soil runways., These flotation/operation variables have been defined
previously (1-5). These variables include drag, sinkage, braking, turning,

multipass, high speed, soil strength, etc,

The current research effort is a part of a long range research program
sponscored by the United States Air Force Flight Dynamics Laboratlory. The

objective of this continuing research program is: (1) to identify and analyti-

cally define landing gear/soil interaction; (2) to develop criteria for establishing
working range conditions for aircraft in their landing, takeoff, braking, and
turning modes of operation; (3) to develop systematic design procedures for

optimizing the flotation and surface operations capability of existing and

it g i e e cond Bwe e

future aircraft. Phase I ) of this program included a survey of the flotation

problem, establishment of the critical parameters, and an investigation of

available flotation data leading to the development of a flotation analysis

equation, Phase 11(4) included the development of an empirical sinkage

prediction equation, development of a lumped parameter simulation prediction

technique, conducting the Rolling Single Wheel Verification Tests, and the ]
development of the Single Wheel Relative Merit Index (RMI) system for ;

g e M AR T 3o

defining comparative flotation capacity. Phase IIl - Part 1 (3) consisted of

ke

the development of the multiwheel sinkage -drag analysis equations, conducting '
the Multiwheel Verification Tests, and the development of a Inmped parameter

iteration technique for simulating the interaction of dual tires on soil. : :
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Phase III - Part II 1) included the Braked Wheel Verification Tests, the
development of a lumped parameter braking simulation technique computer
program, the development of the braking analysis equations for defining
braking drag ratios, and preliminary studies of multipass and high speed

effects of aircraft tire operation on soil.

The current two-year effort was aimed at developing analysis
techniques, conducting verification tests, and developing predictive
equations for landing gear/soil interaction as necessary to esiimate
vehicle performance during turning, high speed and multipass operations.

During the first year the following tasks were completed,

1) A turned tire test program was conducted at UD and AEWES

to provide measured data.

2) An Aircraft Turning Operation Predictive Computer Program

was evolved.

3) High speed drag ratio analysis and predictive techniques were
generated.

4) An existing takeoff length program was modified.

5) A Landing Gear/Soii Interaction Training Session was
conducted.

During the second year the following have been accomplished.

1) The Aircraft Turning Program was completed and had incorporated
into it the complete results of the turned tire test data. Additionally,
the routine now has the capability to accept thrust differential as
well as differential braking and nose wheel steering. Examples

of the response of three vehicles are presented.

2) Multipass data were collected at UD and AEWES to provide
measured data for single wheels, rolling and braked, over

alternating paths.
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3)

4)

5)

6)

7)

8)

9)

Predictive equations were evolved for single wheel multipass

operations.

A landing length program was developed by modifying an existing

routine,

Existing tire/soil/roughness data were reviewed and an analytical
model developed to predict soft tire/soft soil response. The

digital program was completed but not verified using test data.

Existing start-up force data were examined to establish preliminary
criteria for estimating start-up forces in relation to free rolling

drag.

A master orogram was developed to permit a user to calculate
takeoff distance, landing distance, turning response, and multi-

pass perfcimance for one set of data.

A test plan was developed to indicate how testing could be conducted
to verify the computer generated data of the developed digital

programs.

A second Landing Gear/Soil Interaction Training Session was

conducted.

The research conducted has provided additional capability in determining

tire/soil performance for all aspects of unprepared runway operations. For a

particular mission, the vehicle lands, rolls out, turns, taxiis, on-loads or

off-loads, taxiis back out, turns, and then takes off perhaps to repeat the

(1-10)

cycle. The results of this program and others , provide data to

estimate the landing gear performance for these mission segments in terms

of drag, sinkage and rut depth,




SECTION II
TURNED TIRE/SOIL INTERACTION ANALYSIS AND APPLICATION

A, INTRODUCTION

Aircraft turning operation is an important consideration in the flotation
analysis of aircraft operating on unprepared runways., Landing gear failures
due to high side loads brought about by turning either in a high sinkage con-
dition or out of accumulated ruts are possible. The forces developed can
create large steering torque requirements. Additionally, the turning process,
whether by steering or braking, contributes to the increased deterioration

of the runway surface making further operations questionable.

The uncertainty associated with a turning operation is reflected in

current design and analysis criteria, The C-130 operations manual indicates

1
:
%,
oy
&
‘%
3

4

that there are restrictions on the steering angle as a function of taxi speed,
but not soil type, or steering rate. Military Specification MIL-A-008862A,

Airplane Strength and Rigidity, indicates that there are side force, drag

TN X

force and lateral force ratios applicable to operations in soils, but does not
mention the effects of steering angle, steering rate, velocity, soil type or

braking upon turning.

Gy Reta wdE S
g B

There are several means available to turn an aircraft. The nose wheel
can be turned at an angle relative to the aircraft plane of symmetry and the

side forces developed at the nose tire will turn the aircraft. The engines can

oAy it » Een sl RSt

be used to turn the vehicle by using differential thrust. Asymmetrical braking
creates a moment that turns the vehicle. Any combination of the nose wheel
steering, braking and thrust differential can also be used. Regardless of

the means used, all tires will have some turn angle which generates a side

D i

force. This is shown in Figure 1 which represents the geometry of a vehicle it
turning due to some applied moment. Notice that all wheels have some turn
angle. Frequently in calculations of turn radii figures will be drawn showing

the turning axis as the intercept of a line through the main gear and one
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perpendicular to the plane of the nose wheel. This is obviously erroneous }
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for nose wheel steering only turns,since if all three wheels have zero turn
angle, there is no appiied moment to turn the vehicle. As will be discussed
later, the true turning of the vehicle requires an equilibrium condition of
side and drag forces at the wheels, all at different turn angles, with the
centrifugal forces in the turn. Simaltaneously the moments generated by

these factors, brakes and engines must be properly accounted for.

For computation of the turning response it is necessary to know how
the side and drag forces of the tire are influenced by the turn angle. A
review of the existing literature indicated very little was known analytically
or experimentally about side loads on aircraft tires turning on pavement,
with less known about turning in soils. And yet, Figure 1 indicates that
each wheel will have a turn angle whether dictated by the turning radius, as
for the main gear, or as by the aifference between steering angle and turning
angle at the nose, The information required was found by conducting turned

tire tests with aircraft tires towed at a constant turn angle, ¢, down a test

tr--k,

B. TURNED TIRE TEST PROGRAMS

Two series of turned tire/soil interaction tests were conducted. The
purpose of both test programs was to obtain experimental data to permit
further studies of the variables that influence the performance of aircraft
tires while operating in a turned (yawed) mode. The test program using
the Universit; of Dayton Linear Tire,/Soil Test Track {see Figure 2 ) was
conducted first (March 1973) and the results were used primarily to design
the test program conducted at the Army Engineers Waterways Experiment
Station (AEWES) (see Figure 3) small scale facility during June and July
1973, The specific objectives of the turned tire tests included:

1. Establishment of relationships between in-line drag (see Figure 4)

side load, and lateral load as a function of turn angle.
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Figure 3. Test Program Conducted at the Army Engineers Waterways
Experiment Station.
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2. Determination of the variations in percent slip (negative) with

increasing turn angle.

3. Establishment of the influence of increasing turn angle on the

resultant sinkage and rut depth,

The specific test results discussed below are contained in detail in

References 13 and 14.

Soil Type, Test Equipment and Sinkage Ranges

The AEWES tests -vere conducted in mortar sand and buckshot clay.
The soil strength varied from cone index readings of approximately 35 to
nearly 45 in sand, and 37 to 74 in clay, Applied vertical loads varied from
550 to 1, 030 pounds for the sand, and 1,310 to 1,580 pounds for the clay.
These values, along with 35 to 40 percent deflections on 8:50-10 tires and
7:00-6 tires; provide a 0° turn sinkage ratio of 0.03 to 0,04, The sinkage
ratio is defined as the ratio of sinkage Z, to tire diameter D, and the values

selected are indicative of operational conditions on soil runways.

The University of Dayton tests were conducted on riverwash sand and
clayey silt. Soil strengths of 30 to 46 cone index values for clayey silt and
70 to 80 for riverwash sand were selected. These, with applied loads of
115 to 145 pounds on a 5:00-5 Type III tire at 17 percent deflection, generate

the desired sinkage ratio.

Test Parameters Measured

For both series the following were measured.

vertical load, P

drag load (in-line drag), R

side load (perpendicular to plane of wheel), S

resultant lateral force (determined from R and S above), L
horizontal carriage velocity

turn angle, ¢
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tire deflection, d
tire contact geometry (rigid surface contact area), A
soil properties (moisture, density, classification properties,

Cone 1ndex, CI }
av

permanent rut depth (instantaneous sinkages were determined from

rut depth and rebound measurements)

All University of Dayton iests were conducted at six feet per second.

All AEWES data were collected at ten feet per second.

C. TEST RESULTS

Riverwash Sand

The curves shown in Figure 5 summarize a total of 22 tests
conducted on riverwash sand. The buildup of side load and resultant lateral

load with increased turn angle is evident.

Clayey Silt

The results of 23 tests in clayey silt are shown in Figure 6 and indicate
the significant increase in side force with increasing turn angle. The in-line

drag is relatively constant over the turn angles measured.

Mortar Sand

Twenty-one tests in mortar sand generated curves very similar to
those of riverwash sand as shown in Figure 7 . Very little difference exists

between the two sand test series although two different size tires were used.

Buckshot Clay

The results of 23 tests in buckshot clay are shown in Figure 8 . The

tests conducted with larger tires in buckshot clay indicate less side force

for a given turn angle than that measured in riverwash sand using a smaller

tire,
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Comparative Summary Analysis of Turned Tire Tests

The results of both turned tire test programs were analyzed and
compared. The results of this comparison indicated the following points

of similarity.

1. Sinkage and rut depth increase markedly with increasing turn
angle for aircraft tires operating on sand (frictional) type soils,
but only moderate increases in sinkage occur on clay type soils,

See Figures 9 and 10.

o
2. The in-line drag ratio remains relatively constant over the 0

o . . .
to 20 turn angle range for aircraft tires on clay tyre soils,

3. Significant amounts of soil buildup, opposite to the direction of

turn, occur for turning tires in both sand and clay types of soil.

Perhaps the most significant result of the turned tire tests is some
preliminary indication of the magnitudes of side load buildup on a turned
tire operating on a soil runway. Figure 11 presents this type of result as
related to the nonturned tire sinkage ratio {Z, ). Reference to Figure 11
shows that the magnitude of this sinkage has a considerable influence on the
resulting lateral loads. Lateral load ratios may very well exceed one-half
in situations of tight turn angles and high sinkage conditions. Some of the
general conclusions as to turned tire performance on soil runways would

include;

& ¥ ai ey ey . = o BRI [ o e et -,
s g s gh‘o, S R AR ~ G b . i k-,'-“,‘w,‘;wn.\««-;.»wsrlt VS

1. The lateral load ratio (L/P) very likely will approach and in some

cases exceed one-half for aircraft operating on moderate strength

T st e

£,

soil runways (rolling drag ratios greater than 0, 10) where tight

turning situations are encountered.

SRR R

2. The tire negative slip will increase throughout the entire turn

angle range of 0° to 20°. Negative slips approached 25% in sand

3
K
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and 15% for clay in the 20° turn situation.
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Unlike the behavior of turned tires on rigid pavement, the percent
tire deflection had little influence on the lateral load ratic {or

either sand or clay operation.

4. More severe rutting will occur for aircraft turning operations

on frictional type soils (sand) than on cohesive (clay) type soils.

5. No clear trend existed in the variation of pneumatic trail (r) with
turn angle., The pneumatic trail increased with increasing turn

angle in sand but decreased with increasing turn angle in clay.

Although sufficient turned tire tests were not conducted to encompass
a broad range of sinkage ratios (Z/D), the results do indicate that an
increase in the sinkage ratio will result in an increased lateral load ratio

for a turned tire for all other conditions being constant.

D. AN AIRCRAFT TURNING MANEUVER

The side force data collected were incorporated within a digital program
to compute the turning performance of a tricycle landing gear aircraft. The
physical description of the vehicle in a turn is shown in Figure 12 . The

symbols are defined as:

e n = nose wheel turning angle
¢mz = left main gear wheel turning angle
¢ e - right main gear wheel turning angle
W =  weight of aircraft
R = drag loads (braking or driving) in longitudinal wheel
. . , R R R
direction (Rnl, an, le, RmZ 3 m4)
S = side load perpendicular to wheel longitudinal direction
Ga17 Sm1’ Smz? Sm3* 29 Spd)

aircraft forward velocity
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¢ = instantaneous radius of turn

8 = caster angle of nose wheel

E = distance between main mounts

AVM = main gear center of gravity to average vehicle center of
gravity

AL = nose gear center of gravity to average vehicle center of
gravity

g =  gravitational constant

The aircraft at any instant is turning about some instantaneous center
of rotation., The side forces are generated by wheels being forced to follow
a circular arc not in line with the plane of the tire. The majn wheels do so
because of the radius of curvature generated by all forces, whereas the
nose wheel side force is generated by both the radius of turn and the steering
angle. As the vehicle travels about the turn at a given velocivy, the summation
of side and drag forces create the net force which generates a centripetal
acceleration. The forces generate mormrents about the center of gravity of the

vehicle which must he proportional to the angular acceleration,
A summation of forces and moment about the center of gravity yields:

= Vv = o R i
Y Fy = My ESm + Sn cosB + nsmB

ZM =I+ = ((R +R ) (R

E ) -
CcG 6 ml m2 2

+Rm4)) -((Sm1+S

m3 ma

(S + Sm4) )x AVM + Sn (cosB) AL - R.n (sinB) AL.

m3

Over a small increment of time if constant velocity motion is about a fixed
radius, the radial acceleration of the body is that of centripetal acceleration,
and the angular acceleration is dictated by the change in angular velocity

from one radius to the next.

Since the centrifugal force is known for any assumed radius,
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centrifugal force = Lnﬁ-—— . The inertial force and moments can be placed

on the right side of the equation and then both the equations are of the form,

ZF =0
M= 0.,
The problem is to find forces which will simultaneously satisfy both equations.

A Newton-Raphson technique is used to iterate {rom an assumed
radius of curvature to one that provides equilibrium of applied and inertial
forces and moments. Other subroutines calculate the weight distribution,

sinkage, drag, turn angles, multiwheel effects, and thrust required.

The program accepts nose wheel steering angle as a function of time
along with wheel slip as a function of time. These, along with a complete
description of the vehicle, landing gear and tire configurations, are required
as input. The program then calculates the path over the ground, the tire/

soil interaction forces, and the vehicle acceleration,

A complete description of the routine developed during the first year
of the research program is available in Reference 15. All subroutines
were fully discussed and sample results presented. At the time the digital
program had several short-comings and these were rnentioned in the con-

clusions of the referenced report. Specifically,

1. The braked drag equation was an approximation to other equations

that were available.

2. Pneumatic trail data were not included.
3. Throttle controls were not possible.
4, Corrections were not included for ''driven' and '"pulled" wheel,
5. Direction reversals were not possible. )
‘f i
b i
20




Additionally, the program was restricted to CBR 6 clay soil. Sample
computations were made using the initial turning program. The C-130E was
chosen as a vehicle that could “e analyzed by the developed program. Most
of the aircraft input data required were available and some information from
the pilots handbook provided an insight into how the aircraft is turned,
Specifically, the pilots handbook states that 60° nose wheel steering is
permitted up to 5 knots. Nose wheel steering of 20° is permitted at taxi
speeds of up to 20 knots. For these conditions, what are the turn radii, side

forces and drag forces, and how do they compare with the criteria of

existing military standards?

The first case, 60° nose wheel steering at 5 knots, was examined by
assuming a time-steering angle relation. It was assumed that it would
take 10 seconds to reach a 60° steering angle. The vehicle will turn at an
equilibrium radius of 51 feet and require a minimum runway width of 106
feet, The width includes the entry transient as well as the landing gear
width. The centrifugal force generates an aircraft side load factor of 0.054,
and thrust required reaches a maximum of 23,000 pounds, which is a signifi-
cant portion of the 40,000 pounds available. The response is shown in

Figure 13.

The force ratios developed during the turn indicate that while the
main gear develops very little side force, the nose wheel reaches the maxi-
mum permissible, Therefore, the 60° nose wheel steering maneuver would
appear to be that which is limited by the side force capability of the nose

gear,

The second case, that of 20° nose wheel steering is examined by
beginning with a 5 knot taxi speed and then increasing it to 10 and 20 knats.
For these turns it was assumed that 3-1/2 seconds were required to turr
the nose wheel to 20°, The computed results indicate that in going from 5

knots to 20 knots, the minimum runway width goes from 214 to 394 feet,

and the aircraft side load factor from 0.22 to 0.40. The force ratios indicate that

again the main gear does not develop the allowable levels but that the nose

wheel does,
21
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As another casc to be examined, it was assumed that Yoth braking and
nose wheel steering would be used. Braking at 32 percent slip on the inboard
geatr and sufficient nose wheel steering to ''trail' the turn were used. The
braked turn at 5 knots generates an 85 foot minimum runway width with a
vehicle side force ratio of 0,062, The landing gear side force ratios are
again quite small although the drag forces developed were limiting., It is
interesting to note that the turn computed is barely possible, since the
thrust required, 37, 700 pounds, approaches that available for the C-130E

aircraft. See Figure 14 .

Improved Turning Program

During the second year several goals were established to improve the

existing routine, These were:

1) Incorporate sinkage and drag relations from sand and clay
soil,

2) Incorporate new braked drag relations,

3) Utilize turned tire test results to incorporate

a) pneumatic trail for sand and clay
b) side force ratios for sand and clay
c) slip for sand and clay as a function of turn angle

d) in-line drag modifications for sand and clay
4) Add thrust variations with time,
5) Add the longitudinal degree of freedom.

All of these were not achieved, but significant advancements were
made, In the following paragraphs the raw data from which the equations !
were evolved may not be presented. The complete information if required

is contained in Referernce 13.
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Pneumatic Trail

Pneumatic trail (r) data were plotted for the 8:50 and 7:00 tire for both
clay and sand, For clay the trail versus turn angle was plotted, then trail
over footprint length (£) versus turn angle to be consistent with published
literature (16). The wide scatter .a the data indicated that some other term
would be necessary to combine the data into some easily usable form. Not
surprisingly, instantaneous sinkage (Z) was found to pull the data together

in terms of tire deflections as shown in Figure 15 for clay soil,

From the figure it is seen that pneumatic trail is behind the axis of
the tire by the negative of % . Z, and that the trail decreases with
increased turn angle. Secondly, the curves are grouped according to tire
deflection with the 40 percent deflection tires having greater trail values

for a given turn angle.

S=vcrzl approximate expressions for the trail were attempted. Finally,

the simplest expression evolved was

Z 0.00675 DE - 30
r x 7 = sin B (2.0) ( 5 >

where is the trail (inches)
is the instantaneous sinkage (inches)

is the footprint length (inches)

™ = N H

is the turn angle

DE is the deflection in percent.

The equation provides a smooth transition from 30 to 40 percent
deflection which was assumed to be sufficient for most tires of interest. The
equations specifically "fits' the 35 percent and 40 percent deflection data

measured.

Similar procedures were followed for sand, The data arc shown in
Figure 16, The curves are entirely differcnt in that the trail is positive,

ahead of the tire axis, and increases with turn angle. The curves are
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Figure 16. Pneumatic Trail Parameter versus
Turn Angle for Cohesionless Soil.
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functions of both deflection and sinkage. Equations developed were:

Z -
rx 25 = 0.0375.10 2 8% 7 <o0.6"
where B is the turn angle in degrees, and
r x % = 0.1075.10°% B 2. K Z>0.6",
DE . .
where K= 4,5 - — in order to correct for the influence of

10
deflection at greater sinkages.,

The equations listed above were incorporated into the turning program.

During the incorporation of the pneumatic trail into the program,
calculations were made for a small fighter type aircraft of approximately
30, 000 pounds. For single wheel landing gear in sand and clay it was found
that the pneumatic trail made negligible difference in the path over the
ground or thrust required. This seems reasonable in that the torque
generated at the tire is very small in proportion to the moment generated
by the side force about the aircrift center of gravity, Therefore, the
torque generated by the inclusion of pneumatic trail is important from the
standpoint of steering control torque values, but unimportant in trajectory
calculations. Since the torque for one tire is always the side force times
the trail and the rigid body moment is always the side force times tke
distance to the center of gravity of the vehicle; it seems reasonable to
assume the relative importance of the trail established would be the same

for multiple wheel configurations,

Side Force Ratios

Side force ratio data for sand and clay are shown plotted in Figures
17 and 18. The curves show little dependence upon tire deflection or

size and hence two equations were found to fit the data. These were:

"
PR X ARSI

X
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0.438 sin (48) for clay and
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P

0.432 sin (48) for sand

Slip Data

Free rolling slip generated by the turned tire is plotted in Figures
19 and 20. No attempt was made to establish sinkage or tire deflection of

tire size dependence. Approximate curves evolved were:

5,00 + 0, 0425 B& for sand and
3.00 + 0,0325 B for clay

3]

where B is in degrees.

The slip measured was used in the hraked drag equation to determine
whether or not drag as only a function of slip could be computed properly,
This did not work, Drag created by braking in terms of elip can be cal-
culated from a braked drag relation. Drag increases with turn angle are
apparently not functions of the slip due to the turn angle. It was found,
however, that calculated instantaneous sinkage for a turn angle can be
computed using the relation

3

ZB = ZM V"8

which is similar to a portion of the braked drag equation, In this equation
the turned instantaneous sinkage, ZB , is calculated using the slip, S, due to

the turn angle and the maximum fully braked sinkage Z The instantaneous

M.
sinkage is then used in calculating rut depth.

In-Line Drag

As mentioned above, the in-line drag does not change with slip as
originally hoped, Consequently, the in-line drag ratios were plotted as shown

in Figures 21 and 22. For each curve it was rvealized that we need not meet
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the magnitudes shown, but relations that establish changes "~om a zero turn

condition, These relations were found and were:

..13 = / E -2, 2

(P)t = \P)O(I +0.27 ,10 "B ") for sand
R R -1

(P) . = P)o (1 +#0.25.10 "8) for clay
R . .

where ( ) )t is the turned drag ratio

R . . .

(-E )o is the rolling drag ratio at zero turn angle,

and B is the turn angle in degrees.

By defining the turned drag ratio in this manner it is poss’ble to calcu-
late the free rolling drag ratio as previously found and correct for the given

turn angle,

Thrust Control

Thrust control was included by incorporating a constant thrust differen-
tial in order to maintain a specified taxi speed. If thrustis controlled on
both engines as a function of time, what are the relations used as input?

This type of question was similar to that asked for steering and braking
control. Given that the program user wants to vary the thrust or the braking,
what time relation is used? In order to eliminate some of this problem and
yet provide useful data, it was decided that a specified differential of power
would be used. That is, if a differential of 1,00 is specified, the la2ft engine
is 1.00 times the right engine for a symmetrical thrust condition. If 0,50

is specified, the left engine/engines generate one-half that of the outboard
engine. The program calculates the thrust required to maintain a given taxi

speed. This value is then used to calculate the thrust on each side and a
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caiculated moment applied to the summation of moments equation. The

generation of differential thrust in this manner is hoped to simulate the

response cf a pilot who when entering a turn wants thrust differential while

maintaining the same taxi speed.

Braking and Rolling Drag Relations

The braked and free rolling drag and sinkage equations of Reference
17 were included in the digital program, Therefore, the drag subroutines
were updated to permit the drag to be calculated for both cohesive and
cohesionless soils defined in terms of their cone index values. Braked drag

relations, as well as free rolling drag, were available for both soil types.

Additional Revisions Possible

Corrections for "'driven'' and '"pulled'' wheels on the same axle were
not incorporated. The possibility of a turning reversal is not available.

Lastly, rotating effects of wheels and engines were not included. All three

aspects can be incorporated later.

E. SAMPLE CALCULATIONS

e Nuii BB SR N

The resulting improved digital program can best be described by
presenting some sample calculations. The C-130 was again used as a
representative vehicle. The input required is presented in Figure 23 in

which a computer generated list appears as the heading of each complete

turn calculation.

Most of the data listing are self explanatory. All dimensions not
specifically mentioned are in inches, The cone index value shown, 192,00,
corresponds to a CBR value of 6 since 32 to 1 was used for cohesive soil.
Cohesive soil is specified by NTYP equal 1. The engine thrust parameter of

1. 00 indicates that the left engine develops 1,00 times the right engine for :

R

symmetrical thrust distribution. Maximum steering angle for the nose i

wheel is specified at 60.00 degrees and the maximum slip is 0. 0C percent.

‘,
RARES Ant b oY e
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ATRCPAFT PARPAMETERS

GRPOSS WETGHT GW = 1330¢C.C LBS.
INITIAL GPOUND VEL, Vo = S.C KNOTS
TIRE DATA-- NOSE MATN

TIRE DEFLECTION() NE =  35.0C DEM = 35,09

TIRT NIAMETER (IN,) DN = 38,00 DM = 55,20
] FLANGE DTAM, (IN.) OFN = 18,5C DOFM = 24,03
; TOTAL NO, OF TIRES NN = 2 NM = 4
; NO. OF TIRES/BOGIE Ny = 2
3 NO. OF TIRES--TANDEM NML = 2
3 NOy, OF TIRES==THTN NNL = 1]
: TIRE TYPE TYPE 3 TYPE 3
3
é TIPE AND Co.G, DISTANCES==~(IN INCHES)
3 NOSE GEAR CoGa TO AVE CoG. AL = 358,80
g NOSE GEAP C.G., TO AFT C.G. LtL = 371,30
3 NOSE GFAR CoGe TO MAIN GEAR C4G, F = 388,03
i MAIN GEAR C.G. TO FWD C,G. M= 41,70
3 MAIN GEAR CoGe TO AVE C,Ge. AVM = 29,20
1 GROUND LEVEL TO FWD CoG. U = 157,00
o GROUND LEVEL  TO ENGINE UE = 153,00
E BETHWEEN CoGo 'S OF LEFT & RIGHT MAIN € = 172,00
3 TWIM SPACING OF NOSE TIRES SN = 22.00
% TWIN SPACING OF MAIN TIRES SM = Geli0
7 TANDEM SPACING OF MAIN TIRES SNM = 60,00
E/ SOIL PARAMFTERS
4 COME INDEX CI= 192.00
3 SOIL TYPE NTYP= 1
i

FNGINE PARAMETER
THRUST DIFFFRENTIAL PE= 1.00

MAX STEERING = 50.00MAX SLIP = 0.00

Figure 23, Input Data for Sample Calculation. '
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In the original program, specific values of steering and slip were
entered as half second functions of time, with many runs required, and since
specific values were not really known, it was decided to use 40 time pairs
which would have fractional values up to unity. In this manner a waveform
could be entered and the maximum value entered with one card, Thereafter
all inputs could have the same waveform, and changes could ve made with

only one card,

Sample output data for the inputs of Figure 23 are shown in Figure 24.
Asg listed, the equilibrium runwav width required will be 75.8 feet. The
results shown in Figure 13 indicnied that for the same vehicle with 60° of
nose wheel steering the field width would be 106 feet, This difference is
not due entirely to the subroutine changes, but more because of the time to
enter the turn. The previous run was for a 10 second entry into the turn

whereas the revised data are for a 2.5 second entry.

The output shown reflects several changes made to improve the output
for the analyst. The pneumatic trail information was incorporated by
Presenting the torque generated at each landing gear. For example, the
turning torque listed for the left main gear reflects the total torque generated
for all wheels at that mount. Because of the use of lateral force ratio in
the military standard, it has been generated for each gear mount, Lastly,
because of the need to recognize the suil surface damapge that might occur,

instantaneous sinkage, and rut depth are computed.

F. TURNING OPERATIONS PARAMETRIC STUDY

The digital program evolved reflected nearly all aspects of the tire/
soil interaction that could be analytically incorporated. At this stage it was
desirable to use the program and compute some qualitative results as a
means of inferring the effects ot the many parameters that influence tarning
response, The number of parameters is considerable when we consider,

aircraft type, landing gear configuration, tire types, soil strength, soil
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%*
" TIME= 3,00 X= 29%.2 Y= 52.7 THRUST= 20345.3
NOSE GEAR DATA i
TURN ANGLE= .21519 STEERING ANGLE= 1.04716 :
DRAG "FORCE ™ = 1538.0 SIGE FORCE = 6675456 é
DRAG FORCE RATIO= 0%k SIDE RATIO = «360 %
TURNING TORQUE =12548.6  LATERAL RATIO= «376 ;
7= «621°Z TURNED= ~ 1.034 RUT=" 574
LEFT MAIN GEAR DATA
TURN ANGLE= 04905 BRAKED SLIP PERCEMT= 0.90
- DRAGFORCE = 4742.0 SINE FORCE = hSS?.?
DRAG FORCE RATIO= .098 SIDE RATIC = .;94
TURNING TORQUE =31260.8 LATERAL RATIO= «136 é

o Z= '1.125°7 BRAKED=z 2.359 RUT= 1,310
RTIGHT MAIN GEAR DATA

TURN ANGLE= ,02935 i

77 7 DRAG FORCE - = 9%54,0° SIDE FORCE 3755.0

ORAG FORCE RATIO= 144 SIDE RATIO « 057
TURNING TORQUE =11841.8 LATERAL RATIO= 155

T 7 T 71,854 77 TURNED=" 2,050 RUT= {.139

o e DB e

ATRCRAFT SIDE FORCE RATIO = 077
SUM OF FORCES= -«00 SUM OF MOMENTS= «00
" CENTER OF CURVATURE AT 'X=" 12.57 Y= 340,97 RADIUS 342,40 kS

EQUT! TBRIUM REACHED,RUNWAY WIDTH 75.8 '

Figure 24, Output Data for Sample Calculaticns.
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type, gross weight, speed, thrust and braking; to mention a few of the input
parameters. Similarly, the number of possible outputs are considerable.
Consequently, it was Gecided to examine specific types of vehicles for fixed
configurations. The three types selected were an attack aircraft, a C-130
configuration, and an advanced transport configuration, The dimensisnal
data used are shown in Appendix A, These were selected because the attack
vehicle has a smaller gross weight with all single wheel landing gear, the
C-130 has a middle gross weight with twin nose gear and tandem main gear;
and the advanced transport has a greater weight with twin and tandem main

mounts.

The time restraints of the research program requireu careful selection
of the number of parameters and parameter variations to be studied. It was
decided that each vehicle would be examined for a fixed gross weight, one
taxi speed, one tire deflection, one soil type and strength. This permits
then, evaluation of the effects of steering angle, thrust differential and
braking., Steering angles of 20, 40, and 60 degrees were selected to provide
data indicative of current nose wheel steering limits. Thrust differentials
of unity and one -half were used. Inboard braking of 0, 15, 30, and 45 per-

cent slip were used to generate drag ratios up to 0. 5.

Several outputs are possible from the tabulated data. Those most
applicable to current specifications would be side force ratio on any tire
and lateral force ratio on any braked tire. Other values thought to be critical
were runway width and thrust required since these are measured of how well
the vehicle performs cr can perform, These data are all plotted on one

figure to show the effects of selected inputs on desired outputs.

The results for the three vehicles are shown in Figures 25 through

33.

All vehicles have similar performance in terms of the apparent curva-
ture of the presented lines of constant parameter values, However, each :

covers a different range of runway width and force ratio magnitude. The
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Figure 25, C-130 Configuration Performance in Cohesive Soil of
CBR 6 at 5 Knots and Gross Weight of 133,000 Pounds
with Symmetrical Thrust.
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Figure 27. C-120 Configuration Performance Composite for
Cohesive Soil of CBR 6 at 5 Knots and Gross
Weight of 133,000 Pounds.,
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Figure 31, Attack Vehicle Performance in Cohesive Soil of CBR 6 at 5

Knots and Gross Weight of 31, 000 Pounds with Symmetrical
Thrust,
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Figure 32. Attack Vehicle Performance in Cohesive Soil of
CBR 6 at 5 Knots and Gross Weight of 31,000
Pounds with 50 Percent Thrust Differential.,
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Figure 33, Attack Vehicle Performance Compositc for Cohesive 1
Soil of CBR 6 at 5 Knots and Gross Weight of 31, 000 !
Pounds, ;
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zttack vehicle data presented are for 20, 30, and 40 degree nose wheel
steering angles because the 60 degree variation could not be calculated.
The program prints Hut diagnostics that indicate when the load strength
ratios exceed predictive equation limits, turn angles are too great, or the
iteration cannot converge to a solution. For the attack vehicle ali occurred
at 60 degree nose wheel steering. These types of diagnostics were not
included in the original program and it was then necessary to look at the
specific values printed out. A similar response was calculated for the
advanced transport configuration. Consequently, it was also examined for
20, 30, and 40 degree nose wheel steering. One known reason for the
diffiulty in computing large steering angle response is that the turn angle
enters into the calculation of turned sinkage as indicated by measured data.
This is then used in the calculation of braked drag for the inboard gear and
is reflected in the large drag force generated at relatively low slip values.
The relation between turned sinkage and braked slip is aeither known nor
measured. However, from previous works it was assumed that braked
response would be calculated from instantaneous sinkage regardless of

whether due to straight ahead or turned rolling.

The C-130 configuration did permit calculations over the desired
range of parameter values. Whether this can be attributed to wheel base,
track, weight or tire configuration is not really known at present. There
are just too many variables that influence the response that have not been
examined. The C-130 plots indicate several aspects which are in general
true for the other two. Starting from a nose wheel steering only configuration,
inboard braking naturally decreases the runway width required. However,
the change of 45 percent slip is not as significant as that gained by a 10
degree increase in steering angle. However, the 10 degree change causes a
more significant change than a 50 percent thrust differential. Since the main
gear lateral force ratio is primarily dictated by the braking, it appears that
the best method of achieving reduced structural loads into the gear is that

of not using the brakes unless necessary.
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The one aspect that is difficult to generalize is that of the nose wheel
side force ratio, The curves that are plotted above the abscissa are positive
side forces indicating that the nose wheeil helps to turn the vehicle, Those
below the abscissa indicate that the nose wheel steering angle is insufficient
for the equilibrium turn generated. The nose wheel that generates a negative
side force ratio is being plowed through the soil, Therefore, the plot for a
50 percent thrust differential indicates that there is only one point where the
steering is snufficient, at 60 degrees with no braking. All other points have

insufficient turning for a 50 percent thrust differential.

The thrust curves indicate that differential thrust not only decreases
the runway width required but does so at reduced thrust required. The
danger in going ton far with that relation is that as the thrust required goes
down, so toc does the available thrust., The C-130 has roughly 40, 000 pounds
of thrust available. At a minimum radius turn the thrust required is 24, 000
pounds. However, in order to get a differential of 50 percent, the outboard
engines must develop two-thirds of that required, 16, 000 pounds which is 80
percent of that available from the two engines. If no thrust differential exists
for the same steering and braking, the thrust required is about 30, 000 pounds

or 75 percent of the thrust available on both sides.

The plots for both the C-130 and the advanced transport indicate that
turning is best accomplished, in terms of lateral forces on the main gear,
by using nose wheel steering, then differential thrust, and lastly braking.
This is particularly true for the advanced transport configuration shown where
a thrust differential essentially translates the lateral forces ratio curves
without increasing them. Therefore, the paragraph of MIL-A-00862A per-
taining to turning has the means of turning the aircraft listed in the optimum
manner by stating "unsymmetrical thrust or nose gear steering' first, and

"differential braking'' last,
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It is difficult to discuss at length any additional parameter variations
since comparison beiween thrust, braking, and steering response can be seen
from the plots for the specific values of input used, What happens when the
gross weight changes, soil type and cone index changes, or velocity increases
i3 not known exactly although other sample turns have provided some insight
into what would happen qualitatively. This suggests also the fact that the
results shown are indeed qualitative., Although the drags, sinkages, side
forces, etc.,, are all calculated from predictive equations, these were
developed from laboratory tests of wheels not complete vehicles. Therefore,
the ghift duc to a given braking or thrust is probably reasonably correct for
a percentage change, but may not crezte exactly 27.4 feet of runway width
change. Similarly, the C-130 will for given conditions have a smaller field

width required, but not necessarily 50. 0 feet.

G, AIRCRAFT TURNING SUMMARY

Turned tire test results have been incorporated into a digital program
containing drag and sinkage prediction equations previously evolved. The
equations reflected free roiling and braked drag as well as multiple wheel
effects for aircraft tires operating in cohesive and cohesionless soils, The
turned tire data were used to add side force curves, pneumatic trail, in-line
drag modifications, siip due to turn angle, sinkage due to turn angle, and rut
depth prediction., The equations of motioun for a rigid vehicle turning at a
constant velocity are solved for given conditions of braking, nose wheel
steering and thrust differential. The program generates performance data
in terms of path over the ground, side and drag force ratios, lateral force
ratios, turn angles, torque due to pneumatic trail, instantaneous sinkage,

braked sinkage and rut depths.

Several plots for representative aircraft have been presented to
indicate the nature of the turning phenomena in terms of runway width

required, force ratios, and thrust required. Some information computed
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was consistent with the current turning criteria, Tnat is, the C-130
representation generated performance curves for the range of steering angles
permitted vy the pilot's handbook. However, the others could not be taken

to their limit steering angle because the computed turn angles, load strength
ratios, or other internal parameters, were outside of the range of the pre-
dictive equations. When attempting to compute miniaiom runway width,

the existing test data is insufficient and the program has difficulty in itecratirg
to convergent solution. Practically this infers that it is difficult to predict
what a tire does at a2 turn angle of 70 degrees, or, what really happens when a

landing gear nearly pivots about a point?
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SECTION I
MULTIPASS TIRE/SOIL INTERACTION ANALYSIS

A, GENERAL AND DEFINITIONS

Multipass criteria for the operation of aircraft over remote soil
ranways have been previsonuly established. The Military Vehicle/Aircraft
Rut Depth Method has been proposed and publiched criteria and procedures
for calculating flotation are available in "Aircraft Ground Flotation
Investigation, Part I, "AFFDL-TR-66-43 or AFSCM 80-1 "Handbook of

Instructions for Aircraft Design."

The current research program was designed to determine whether or
not new criteria could be developed from multipass test data which would be
an extension of the previously developed predictive equations. Equations and
nomograms are available to calculate instantaneous sinkage and drag for
a rolling single wheel. This can be adjusted to reflect twin and tandem
configurations as well as braked effects. The next logical steps were then
to determine how multiple passes of the rolling or braked tire over alternating
but adjacent paths could influence sinkage, drag and rut depth. If trends
could be established as functions of the number of the pass, where it occurred,
and whether or not it were braked; relative to first pass calculated response;
then predictive equations would be available to better establish 'failure

criteria'',

Current multipass criteria are functions oi .rag developed and
cumulative rut depth. Will the drag exceed the capthility cf the vehicle to
maneuver over the soil? Will the cumulative rut depth cause excessive
drag or interference between vehicle structure and the soil surface? If
the data permits reasonable prediction of cumulative rut depth and drag as
a function of the multipass history (rolling, braked, same lane,adjacent
lane), then it would be possible to better relate the physical characteristics

of the vehicle, its mission, and flotation criteria.
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In the following sections it is well to remeimnber that the predictive
equations that are available are based upon instantaneous sinkage calculated
for the tire type, applied load, cone index and soil type. Measured test
data does not yield instantaneous sinliage and hence it is necessary to relate
it to another parameter such as axle movement for the AEWES data. After
instantaneous sinkage is found to relate to measured drag, then it is also
correlated with rut depth, another measured parameter. Therefore, in the
analysis of the data it will be shown that indeed sinkage, axle movement,
and rut depth are different quantities which can be related not only for first

pass, but multipass operations.

B. TEST PROGRAM AT AEWES

Test Matrix

A series of tests were conducted at the Army Engineers Waterways
Experiment Station (AEWES) under the supervision of University of Dayton
personnel, It was desirable to have three basic types of tests., These were
free rolling sinlge wheel over one iane, rolling and braked over alternating
adjacent lanes, and twin tires free rolling over alternating adjacent lanes.
The tests were to be conducted for at least two types of tires, two cone
index values and two applied loads, The original test outline is shown in

Figure 34. The pass distribution for alternating paths are shown in

Figure 35.

From these figures a test matrix was evolved to specily the testing
to be accomplished. The first page of the matrix is shown in Figure 36.
The variable of greatest importance was soil type. That is, the variable
which could be changed least frequently. Hence, the test matrix was set
up to run all high cone index soil * sts first. Secondly, single tire tests of
one tire type precedes a second tire type, with variable applied loads.
Therefore, the test plan was to progress with minimal changes from one

test to the next and one series to the next.
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Number of Passes

Number of Passes over a

b = tire width

10T — b(8:50 - 10} = 7"
8.1
=
) 6.4
0
“ AP ——————
°
e 4.4.
5
- 2.1 —— 8:50 - 10 Tire
5 Twin Tires
p? 0 @ 2 b spacing ;
! 1
]
:)n 3l2n 64"
le Width of Soil Test Bed ={
[«

Passes Distribution for Test Part 2, Twin Tire Configuration,
for 18 Passes as Shown.

® 8 SRolling

H T 3 Braked

9

0 °s 6

) (g Total of 16 Passes
o

% S 2 Rolling

SR 2 Braked

g

N

2

an

3 1 1 1
S 0 i i i
& 5 + o

Width of Soil Test Bed

lf 'l

Passes Distribution for Test Part 3, Single Tire, Alternating
Rolling and Braking,

Figure 35, Passes Distribution for Test Part 2 and Test Part 3.
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MULTIPASS TIRE TEST PROGRAM TEST MATRIX

Vertical Rut Depth
Test Tire Cl Load Number Pass Configuration and
No. Designation Avg 1bs of Tires Path Braking Conce Index
1 7:00-6,6 PR 55 800 to 900 Single All Free Yes
2 / | in Rolling
3 Same
4 Rut
5 Yes
6
1
8
9
10 800 to 900 Yes
] 11 | 1100 to 1200 Yes
B 12 ]
13
3 14
“, 15 [ Tes
) 16
3 17 All
5 18 in
'ﬁ% 19 Same Free
20 Rut Rolling Yes
21 1 R Yes
22 R B
23 3 B
2 24 1 B
M 25 1 B Yes
3 26 1 R
4 27 2 R
| 28 2 B
3 29 1 R
3 30 ] R Yes
% 31 3 B
32 3 R
i 33 3 R
34 2 R
35 Y ( 1 R Yes *
36 7:00-6,6 PR 55 1100 to 1200 || Single 1 B
Notes: Sec Figures ‘
- 1 and 2 for * Measured
Clof 55-- CBRof 1.7 Code to after the
: Particular Numbered
o Paths Test or When !
Failure
Paths -1,2,3 Criteria

Braking-0%, 35% Reached
Figure 36, Test Matrix Format.
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The number of passes over a particular path had been selected as
indicative of the distribution that would exist about the centerline. The
number of rolling versus braked passes was selected to provide sufficient
data indicative of the acceleration of 'failure' due to both rolling and
braking action. Once these were established, the selection of alternating
rolling or braked, this path or that, were determined in a purely random

selection process.

Failure Criteria

Prior to any testing it was necessary to establish failure criteria
guidelines for the tests. Two criteria were established. Instantaneous sinkage
divided by the tire diameter was restricted to 0,06. This was established by
examining the drag ratio-sinkage ratio of a single wheel on soil shown in
Figure 37. Assuming that most cargo aircraft have a thrust to weight ratio
of 0.25 to 0. 30, takeoff would be impossible if the R/P ratio were greater
than approximately 0.25. This establishes 0.06 as the limiting value for Z/D.
Hence, for a 8:50 tire the instantaneous sinkage would be approximately one

and one-half inch.

Cumulative rut depth to tire diameter ratio, ZR/D was restricted to
0.20. This approximates the value of one half to two thirds of the free

height of the aircraft tire, or approximately five inches for the larger tire.

Test Measurements

Tests were conducted using Type III aircraft tires; 7:00-6, 6PR and
8:50-10, 8PR, bhoth operating at deflections of 35%. All tests were conducted
at forward speeds of 10 feet per second. The following measurements were

taken:
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Vertical Load (each pass)
Drag Load (each pass)
Axle Movement (each pass)
Rut Depth (each pass)

Rut Profile (after test, 5th, 10th, and either last
or failure pass)

Velocity (each pass)

All data collected were reported in Reference 18. Th~ following analyses

select typical test results from that report.

C. SINGLE WHEEL FREE ROLLING TESTS

Test Part 1 of the test matrix called for four series of tests tn be
conducted using two tire types, two soil strengths, two load levels and ten
passes in the same rut. Each test was examined to determine how well the
first pass data :matched existing techniques, and then to establish a relation

between drag and rut depth as a function of the pass number and first pass

LIS NS e A, 0 EASE e AP 2. g T -

calculated valres,

Test series A74-0001-3 was conducted using a 7:00-6 tire at 35%

deflection. The raw data are plotted as shown in Figure 38, and as tabulated

below.
YEAR 74, TEST 1. SOIL 3.
DESIRED ACTUAL AXLE AXLE
PASS SLIP SLIP LOAD DRAG MOVEMENT VZLICITY TORQUE

; NO. 4 4 LBS LBS IN. FT/SEC FT-LB
!
i 1. 1.2 798.3 -64.7 0.48 10.219 0.0
2. 2.2 747.1 -66.3 0.34 10.208 0.0
3. 1.7 754.0 -66.0 0.55 10.240 0.0
3 4. 1.4 753.2 ~70.0 0.59 10,230 0.0
: S. 1.8 738.7 ~70.6 0.71 10.298 0.0
8. 6. 2.0 762.0 ~72.3 0.79 10,185 0.0
7. 2.0 753.4 ~7t.5 0.86€ 10.301 0.0
B 8. 1.2 759.8 -77.9 0.92 10.346 0.c
{ s, 2.2 763.5 ~78.2 0.99 10.354 0.0
10. 2.2 764.3 -77.2 1.08 10.408 0.0
1
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: 1.00 | /
/
0.90 Test A74-0001-3 J/
1 7:00 Tire /
0.80 /
0.70 /(/
- / Zy
S 0.60 {Mcasured Rut
: 1 / Depth)
&
>~ 0.50
o -
o0
]
0,40
2 .
0. 130 / - 3.0
L
Slip (%)
0.20 | 2.0 (P
0.10 / -1.0
-1 2 3 4 5 6 7 8 9 10
800 -~ Pass Number
790 - Applied Vertical P Forces
780
P 7270
760 |
750
740
P/C1 18.5 16.9 16.3 16.5 16.9
48.0 1
: ) Cone Index
: 47.0
i 46.0
f Cl 4s5.0 | -
f : 44,0 o
. 43.0 y v . : ; v Y ’ .

1 2 3 4 5 6 7 8 9 10

s

Pags Number

Figure 38, Raw Data of Single Wheel Multipass Data.

AR LD s N7 D

- G N e % I L PO rote IS (T TP S TR YR



The cone index values were measured before the test began and after

the first, fifth, and tenth pass.

The first pass generated an axle movement that appears to be above
the general trend of the last eight passes. We would anticipate that first
pass effects would differ from later pass effects, but not as drastically
different as shown., Consequently, the first pass data was closely examined

to determine how well it could be explained and understcod.

For the 7:00 tires, the rigid surface contact area is calculated to be
43. 4 square inches. Using the nomogram shown in Figure 39, the sinkage
and drag were calculated for the first pass. An applied load of 798 pounds
with a cone index of 43.0 generates a sinkage of 0. 75 inches and an R/P of
0.157. Hence calculated drag would be 125 pounds as compared with 65

measured.

The rut profile data indicates that the rut depth measured after the
first pass was 0.097 (average for three locations), The axle movement
measurements show a motion of 0,48 inches., From AEWES data relating

sinkage to axle movement (Figure 40), the relation
Z =2/32
a

was used for 35% tire deflection. The calculated axle motion would then

have been 0. 50 inches.

The relation between instantaneous sinkage, Z , and rut depth comes
from Figure 41, data collected at the University of Dayton. The curve shown

is:

Cader

/2

B o

1
Z =(2.4 ZR)

The calculated rut depth would then be, ZR = 0,21 inches, therefore: :
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Measured Data Calculated Data
Z (None) 0.75
ZA 0.48 .50
ZR 0.097 0.21
R
P 0,080 0.157

The sinkage calculated does agree with the axle movement, but gener-

ates drag that is too high and a rut depth that is too high,

The ''linear' portion of the axle movement occurs over the range of
3 to 10 passes. In this area the average drag is 73.9 poands and average
applied load is 758, 6 pounds. The nomographic solutions for drag and

sinkage using a P/CI of 16,6 are:

Z = 0,43 R/P = 9,095

Using a similar approach as before, the calculated axle movement would be

0.29 inches and rut depth would be 0.0775.

Therefore:
Measured Data Calculated Data
Z (None) 0.43
ZA 0.48 0.29
ZR 0.097 0.0775
2 0.080 0.095
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‘The measured data are those collected for a firs* pass which had an

applied vertical force greater than desired. The mean test value for vertical
force was about 760 pounds but the first pass was conducted at 800 pounds.
The calculated column indicatcs what would have happened if the ''correct"

mean value hau been used for the first pass,

The calculated sinkage cannot be validated with measured data because
there is none. The axle motion similarly cannct be compared with but does
indicate that theoretically the measurement would have been less than that
observed and more nearly that measurement on the second pass. The calcu-
lated rut depth 0.080 is more closely related to the measured 0,097, and

calculated drag would be 72.1 pounds for a very close correlation.

Therefore, the first sample of data indicate that first pass calculations
of rut depth and drag do approximate those measured and that the drag over
the ten passes does not change appreciably. Similar procedures were used

for all four single wheel multipass tests and the results are tabulated

below,
Mean = First Pass Calculated
Test Series | _ Rut Depths T.oads 1P er = Zu
Numrber 1st 5th 10th P D |CI A Z R D

A74-0001-3 0,10]0,52 {0.98] 760 74 |16.6 10,521 0.78 ]0.08 {84
A74-0002-3 0.31]1.41 {2.36|1060 {160 |22.8 |0.75| 0.50{0.23}159
AT74-0003-3% 0.11]0.34{0.60 |1170 | 82 {22.4{0.41} 0.27[0.07| 82
AT74-0010-3%* 0.16 {0.57 |1.22 {1050 | 105 |31.4]0.73} 0.48 |0.22|116

* §:50-10
Tires
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3
In all terts it appears that if first pass calculation procedures are used 3
%
to calculate the drag and rut depth, that the compufed and me=sured will be h‘
; within reasonable agreement.

: The second portion of the analysis was to determine whether or not

predictive techniques could be evolved to calculate rut depth as a function
of number of passes.
{
Cumulative rut depth as a function of number of passes is plotted on Q
the figure on the following page. The ordinate reflects the ratio of measured ;
rut depth to first pass calculated rut depth. This was done since we are Q
after relations which can be used to predict based upon first pass calculated ¥
3 values. The curve indicates that there is a spread in the data, and that the
. %’? rut ratio is highest for the smaller tire. For each tire the ratios decrease
1 with increasing P/CI values. ;
% Various parameter relations were examined to determine a commonality
§ between all tests which could be used to evolve a predictive equation. The
E result can be expressed as: j
Z -z
3 0 (B (2 (2% L e f
3 Zeie \C1) (¢t z, A
§ where: Z10 is the 10th pass rut depth §
“ 'Q
: ; ZRIC is the first pas: calculated rut depth E
P is the vertical load to cone index ratio ;
é C1 ;
“‘% A is the ratio of footprint area to cone in
E g s
3 3
Z-z 3
r] is the rebound over instantaneous sinkage for the 3
Z calculated first pass ?

1C

[} ».
]

s

2 T G AR il R LA SN 2

zl is the inverse ~f footprint length.
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<%
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Ld L A ] ] ] L] \j Al !
0 1 2 3 4 5 6 7 8 9 10
PASS NUMBER
Figure 42. Variation of Cumulative Rut Depth ZR divided by First
Pass Calculated Rut Depth Z .
R
CI
7:00 Tire P/CI =16.6
1 7:00 Tire ¥}’/CI =22.8
: 0O 8:50 Tire P/CI =22.4
i O 8:50 Tire P/Ci =31.4
k1
b
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Using these relations for the mean tabulated values of P/CI and

appropriate values of A and 4/ , the computed 10 pass rut depths are:

Test Series Rut Depths
Number Measured | Calculated
A74-0001-3 0.98 0.97
A74-0002-3 2.36 2.46
A74-0003-3 0.60 0.63
A74-0010-3 1.22 1.13

If it is as sumed that rut depth increases linearly with number of

passes, then the rut depth can be calculated from the expression:

zZ, =2, + Zlo°zz\ (w-1)

N - - -
/
where N = the number of the pass
Z1 is the first pass rut depth
Z10 is computed from the above equation.

A more rigorous analysis could be conducted to better fit the data, but
it is believed that it is not warranted at the present time. The scatter in
the rut deptt data as well as the differences between measured axle move-
ment and computed, drag observed and computed, variation in cone index
readings, etc., all indicate that for only ten passes, the relation found
should be sufficiently accurate. A plot of the calculated data are shown on

the following page in comparison with measured.

The results of the analysis indicate that first pass sinkage calculations
can be used to compute the rolling drag and cumulative rut depth for rolling
tires. The sinkage and drag calculations are from previous relations valid
for many tire types and sizes, The cumulative rut data is based upon 7:00-6

and 8:50-10 tires at 35% deflection operation over clay with cone index

1 f3 55,
values of 37 to 68




2.60 | Measured
----- Predicted
22.8
2.00 |
ZR
31. 4
1.00 ] 16. 6
0‘ 8 4
0.6 . =22.4
0.4 |
0.2 ;
1 5 10 Passes
Figure 43. Cumulative Rut Depth Calculated versus Measured

for 7:00-6 and 8:50-10 Tires at 35% Deflection with
CI Ranges of 37 to 55 in Clay.
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D. SINGL.E WHEEL, RANDOM BRAKING AND PATH
Test Part 3 of the test matrix called for four tests to be conducted
with two tire types, soil strengths and load levels. Sixteen passes were
made randomly alternating over three adjac.nt paths with or without
\ braking.
¥ Preliminary Analysis
3 Tests identified as series A74-0009-3 were first examined. The
3 preliminary information is shown below,
1
4
‘% - > [ < 2
%‘ YZaR 4. TEST . SoIL 3.
F
DESIRED  ACTUAL AXLE AXLE
i PASS SLIF cLIF LOAD neag MOYEMENT  WELOCITY TORCUE
3 HG. “ % LES LES IH. FT/%EC FT-LE
1. a.a 2.2 1176, 4 1o, 3 a.21 1@, 257 g. 0
2. 35.6G 34.6 11832 ~-505. 8 0.18 16,351 -3249 5
3 3. 35,0 23. ¢ 117&6. 4 =S51a. 4 o, 34 16,333 -34=2.2
4. 35.0 24.7 11vq. 9 -8z, v 013 16,449 -332. 4
z S. 0.9 2.1 11622 -112. 4 Q. &n 19,347 3.4 K
2 €. 0.0 2.6 1171. 2 -0, 8 a.74 10, 325 0.0
| 7. 0 5.4 1184, 4 -157.7 -0 0 18 350 a.6
i e. 5.0 4.6 1165, 4 ~5i5E. 2 4. 31 16,513 -353.2
& 9. a.a 2.8 1164.5 ~-122.8 a.57 19,429 a0
i 16, 0.9 2.6 1164.7 -1zz.1 0. 20 18,377 XS
11, 8.0 3.7 117z v -1432.6 0.1¢6 10,3542 0.0
"3 12. 35.8 Tta 1172, 7 -&07. 3 o.v7 10, 9685 =3a%.4
;3‘1 13. 35.° P &1 1154 1 -SEG. 4 1. 22 g S&a -378.7
% 14. 8.3 4.3 1164, 4 -164 7 8 05 18, 547 0.0
i 15, a.a 3.7 1137. 8 ~-142. % 1 zn 10,512 a0 *
i 16. 35.0 38.8 11va. 7 -SE2.2 0,23 10 Zed -32&. & \;

.
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This wae then retabulated in the form shown below.

Axle
Pass Braked or Movement
Number  Path Rolling Path 1 Path 2 Path 3
1 1 R 0.90 - -
2 2 B - 0.85 -
3 3 B - - 0.81
4 1 B 0.84 - -
5 1 B 1.43 - -
6 1 R 1.98 - -
7 2 R - 0.78 -
8 2 B - 1.43 -
9 1 R 2.06 - -
10 1 R 2,38 - -
11 3 B - - 0.72
12 3 B - - 1.45
13 3 R - - 2.32
14 2 R - 1.76 -
15 1 R 1.45 - -
16 1 B 2.05 - -

It is interesting to note that the axle movement does not monotonically
increase along any one path. Apparently the axle movement over one path
increases as the wheel passes directly over the same rut, but decreases if
there are intervening passes on adjacent lanes., This suggests that direct
application one one lane causes a heaving on the adjacent lane which could

or could not vary with the free rolling or braked nature of the pass.
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The specific tests series mentioned was examined in detail as dis-
cussed in Appendix B, For the first analysis it was assumed that axle
movement would be indicative of both instantaneous sinkage and rut depth.
This was a gross simplification but was used to determine whether the
motion could be predicted or not, could the variation be rationally explained
or would this difference in measurements be within measurements and

integration error bands.

The approach taken was to assume that the axle movement of one path
is the summation of the effects of all prior passes. Also it was assumed that
only adjacent lanes would influence one another. Ti...efore, if the center
lane had a direct application of a rolling wheel, the movement would be as

shown below where AR implies applied rolling and NR near rolling effect.

Paths
1 2 3 Measurement
"Sinkages' AR NR N R 0.90"

Since both lanes 1 and 3 are adjacent, some near rolling effects would

be generated. These are defined as NR' The second pass was a braked pass

over the second path and the cumulative moticn would be,

Paths
1 2 3 Measurement
P - 1
ass 1 AR 1\R NR 0.90
1
Pass 2 NB AB FB 0.85

In this case AB implies applied braking, NB , near braking effect, and FB
for braking. Notice thai the measured axle movement is only for the lane

of directly applied load.

-
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If there are near and far fields effects for rolling and braking that are
constants, (fixed applied load, cone index and slip), then it would theoretically
be possible to sum the total sinkage down to any particular pass and calculate
what the measurement should be. There are 16 passes made and six unkncwns.

It should be possible to evaluate the constants.

This process was followed in the detailed analysis. Additional work
conducted had shown that far field effects were very small indeed and con-
sequently only near field effects were evaluated. Starting with the first pass
and sequentially proceeding down the tests generating simultaneous equations,
it was found that there weren't any constant va.ues, It was found, however,

that there were trends which could be estab'ised to explain the data.

For the 7:00-6 tire rolling over clay with a cone index of approximately
43, making passes separated by one tire width, the following could be used

to predict axle motion

n m k 1
ZA = ZR + % ZB + 2 NR + NB
1 1 1 1
where ZR] = 0. 89 Z131 = 0.89 NR = -0.06
ZRZ = 0. 55 ZBZ = 0.58 NB = -0.47
ZR3 = 0.32 ZB3 = 0,66

The coefficients infer that thare is some predictable pattern but that the

true nature is not well defined. It appears that the first pass creates more
sinkage than successive passes, and that successive sinkages may or may

not decrease depending upon rolling or braking. It also infers that rolling

or braking on an adjacent path provides a decrease in rut depth. Near braking
of -0,47 indicates that a braked pass raises the rut by approximately one

half of the directly applied rut depth.

05, Sl N e G o
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Detailed Analysis

There were four test series conducted using single wheel alternating

paths and braking., Each test had available cumulative rut depth profile data
over the lane just tested. Similarly each test had available the integrated
motion observed for the same test., The profile data was collected over 14

stations and averaged to generate an average rut depth These data were

plotted for each test as shown in Figures 44, 45, 46, and 47.

In the figures each pass is identified as to whether it was braked or
rolling. Also, the plot makes clear those passes made specifically over the
middle path which is the path of interest. The first thing noticeable is that

rut depth and axle movement are indeed approximately equal, Secondly, in

order for the rut depths to vary as shown it quickly becomes apparent that
the indirect application must indeed create a heaving as previously suspected.
If the first pass is direct rolling and the second and third indirect braking,
then how can the cumulative rut depth at the end of the fourth pass be approxi-

mately equal to the rut depth at the end of this first pass? If the direct

L R A it b A T I by 73T B e RN R

braking causes a rut depth of 3/4 inch, as indicated by the first and fifth
pass, then the rut depth at the end of the third pass would have to be near

the original ground level. Hence two indirect braked passes did raise the

b TR b

soil the equivalent of one direct rolling pass.

At this point there are many approaches possible but all theoretical
possibilities are not practical. For example, it is possible to evaluate the
change of rut depth as a function of number of the pass or number of the
braked pass orly, or rolling pass only, and generate a change in rut as a
function of several parameters. However, the amount of data available

doesn't permit this type of rigorous approach. The first rolling pass

RS A A "L’:“W’VMZQWQ‘ﬁ‘ﬁ"'t“: il

generates 0.9 inch rut, the second creates a change of 0.3 inches, and the
third, 0. 3 inches. Was this an initial step with subsequent rut increases

at constant values? Or did the accuracy of the measurements and inte-
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grations generate observations of a geometric series such as 0,9 inch, 0.54 E

 e———
&

IR .
BOaie b

o

74

.

i,

i wle n R ik e ) T S o T N i 2 sk st




‘o1qe[IRAYy 9I% <N 3

3 ‘90usH ‘91 ‘ST ‘01 ‘6 ‘9 ‘g ‘¥ ‘I sassed uo I ¥ Yied I93A0
7 pessed 2111 (I ¥ Yed) 2ueT I123ua) Jo AI03STH UOTIewWIIO}dd ‘¥ san3t g
E

X €-G000-%LV 3831 ¢
4 YAGWAN SSVd

91 Si 14! €l (4! 11 1]} 6 8 L 9 S 14 € (4 1 0 ;

J b s°o

\O - 0°T m.

/ o " :

E / o~ 3

e

A

b /| yiadaqg 3ny poanseaiy O i . 3
/ o\\o 0°2

a i

&m QM H)m Hm Hm Hm Qm Q d ] q°¢

3 —q V) * juswsron a1xXy 10911puT BUTITOY '/ I\

- I suerT uo s30y APO211] SSed payelg

: juswrade[dsiq sodouenpul A[30911pU] sSeg payeid Ig

1 suer uo A[30911g ssed Surfloy .MHL

L.

T I ey it AP S e RN TR R i {7 cosge i O3 AERP DI IDERGSANE awe




*Juer] I9jU9d) I0J sasseq
JO ISqUUINN SNSI3A UOMOW STXV pue yidaQ Inyg sApernwuny  °*Gp 2andrg

il i o (SR ROA R

Q.m Q»m O..Mm D.m HMH Qm D...m Hm Hm H.m Qm Hm Qm Hm Hm D”Mﬁ
91 g1 ¥1 €1 ¢l I1 o1 6 8 L 9 <] 14 3 Zl I 0
L 1 L 1 1 1 L 1 1 } ! [} 1 1 1 A
2t 0°0
z
/7
@) O y L 20
Z
" %0
e B 9°0
<N b — ot
80
a
VA
7001

payeag pue pamo],
311, PYBIDITY §-00:L
€-%000¥L-V 3891,

O I o o e A e R s a i

sayouy

76

TR NN ey OV A g

SRR v e e S v i ST LA e

d

AU L s




{]

B . L T TN e G gl e ;.?,.ﬁr..w.m. Y

%
e
149

»
Fr b

soan amer Tev e nh e s snen S meedims AR

I e S

*Juer] 193Ul I0J
§9sSed JO IdqUINN SNSId A UOTION 31Xy pue \pdag jny sane[nuuny) *9y aingr g <

dIdWNM ssvd

Ty 9y Ig 9y Ig Ty I4 Iy g 9g 9y Iy Ly G g 9y
91 ST #1 €1 21 1T ot 6 8 L 9 s ¥ 3 Z I 3
1 i I 1 2 1 N 1 ] i 1 Y 1 I 4 1
O
O #
n + - .
uM.N Z°0 3
<4
Olo ! i 0
w.
o O + m.
~
r~ 3
[~ w.o [+
T o'l

poMeadg pPue pamo],
2I1] 1RIDITY 01-06:8 ]
£-8000-%L-V Is3],




*auer] I23U90) I0¥
s9ssed JO I9QUUTY SNSId A UOTION ITXy pue yidag Iny samje[nwun) ‘L 2andryg

! d QMH HMm Qm Qmm Hm HMH HMH Hm Hm Hm Q)m
91 g1 A €1 21 |8 9 ] 4 € 2 1 0
< i i 1 1 - 5. L L] 1 ) /] A
r_ ;
AL 3
AL .
- 9+
:
=
/ -
,, & |
W \ I i o 2 §
m / Sureag 30341puy - °d 0°1 ;
} / 100x1q porezd - g
it + ._\ I i '
5 Surrjoy 309atpur - °Y{ 21
2 E
w‘ Sutrroy 19901 - Sy i :
: 71 W
o podelg pue pomoy, - 9°1 ;
2a1], HeIDITY 01-06:8
€-6000-%L-V IS2L




G g s e

o

3
P
:
i

inch, and 0.324 inch? With the limited data and referring back to the single
wheel free rolling data, it seemed reasonable to assume that the first pass
does create a unique rut, and that all subsequent changes are constants
independent of the number of the pass. If a direct rolling rut is developed
on the tenth pass, the change in rut depth will be the same as for the second
pass., The braked rut increment will be a different value, but have that same

value for all braked passes.

For the data of Figure 44 the coefficients for direct and indirect rolling

and braking are

Rp R p B

+0. 25 +0. 00 ""0. 75 - 00 35

where R is rolling direct

R is rolling indirect

1
BD is braked indirect
Bl is braked indirect.

Using these numbers the predictive cumulative rut depth for lane one
would have been as shown in Figure 48, Similar procedures were used to
develop coefficients for each test series. The values are shown in the

following section where they are used in the predictive analysis.

E. MULTIPASS PREDICTIVE PROCELURES

It was originally desired to have a computer routine which would
Permit prediction of multipass effects based upon test data. Due to delays
in obtaining the data, it was not possible to generate the digital routine,
but it was possible to evolve the predictive equations for the data that were

available,
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Previous sections indicated the results of tests conducted to determine
the performance of a single wheel passing over a soil surface for: (1)
multipass passes over the same path while free rolling, and (2) multiple
passes over alternating paths while randomly braked. The data discussed
in the following section does not reflect the additional data collected at the
University of Dayton which may extend the applicability of the predictive

equations.

Through analysis of the data, it has been shown possible io predict
cumulative rut depth and drag as a function of the time history of multipass
operation. If the tire passes over the same path, or an adjacent path, and
rolls or is braked, it is possible to accumulate the effects of the passes.

The steps are as follows.,

1) Calculate first pass sinkage and drag as found using existing

techniques.
2) Calculate the braked drag using existing techniques.
3) Calculate first pass rut depth,
4) Calculate incremental rut depth changes for rolling passes.

5) Calculate incremental rut depth changes due to direct braking or

indirect rolling and braking.
6) Define history of multipasses.

7) Calculate cumulative effects.
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F, DISCUSSION

Calculation of First Pass Sinkage and Drag

For a given tire with known applied load, the sinkage and drag are

calculated by the equations:

-f— = 0.11 +0.33 (@/CI) for = in the ranges of 0.5 to 0.7,
-%— = -0,03 +0.19 (0. /CT) foréll— in the ranges of 0.2 to 0.6
R

and T = 0.18 +3.23 (Z/D)

The equations for Z /L are specifically for cohesive soil only, This is

consistent with all other data discussed in this report.

The calculations can be accomplished either using the above equations

or the nomogram which is available.

Calculation of Braked Drag

Braked drag is calculated by first finding the rolling tire sinkage and

drag using the equations above. The ratio of fully braked sinkage i< rolling

sinkage is estimated to be 3.0. Therefore,

z
M =3.0
and ZB =Z S 1/3
m3% \100
where S is the slip desired.
82
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The values of ZB and S are then substituted into

1/2
BB 0 018 4323 (f_@.) . 005 9_1.2,2(_2_9) _S._)"3
P - * D * P .D 100

First Pass Rut Depth

Previous AEWES and UD test results had shown that it was possible

to relate axle motion, instantaneous sinkage and rut depth by the following

expressions.
ZA = 2/3%Z Z < 3.0 inches
and Z2 = 2.4 2 YA < 2.5 inches
rut rut

The first expression is a linear fit to the curve of ZA versus Z for
a tire having 35% deflection as reported in AEWES TR No., 3-516 by Smith
and Frietag. The second expression is quadratic fit to rebound test results

measured at UD with limits of 2.5 inches rut depth.

From the most recent test program it was found that the curves had
to be modified in order to match measured axle motions and rut depths.

The modifications require that:

N
it

0.55 + 1,09 ZR Z>1.1"

Z = . Z < 1,1"
2.4ZR 1.1

Therefore, if first pass sinkage is known, the rut depth can be calculated.

The equation was found using the axle motion equation

ZA =2/3 Z
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since instantaneous sinkage is not a measured parameter, It was found that

computed instantaneous sinkage, Z, generates axle motions and rut depths which

agree with those measured for the first pass.

Incremental Rut Depth - Rolling

The free rolling multipass data indicated that it was possible to cal-

culate curmulative ~ut depth based upon first pass data., Specifically,

16.5 ZRI L

1

The tenth pass rut depth ZRIO is a function of the first pass rut depth ZRI’

and the other first pass parameters;

Z1 =  instantaneous first pass sinkage
P . . .

EV1 =  vertical force over cone index
A . .

T = foot print area over cone index
2 =  foot print length

The variation observed in all tests was approximately linear and hence the

rut depth of an nth pass is:

Z =7 M (n-1)
Rn ~ "Rl 9
84

o St o v e 2 T e el SN ST A

P

L.



o

olbata e

]
3
3
i
3

i rE SN gt R SRR T 1 e 15

Incremental Rut Depth - Direct and Indirect

Data were collected for tests conducted on three adjacent paths,
Rut depths were examined and plots made to determine the history of a
particular path as a function of direct, load applied to the path, and indirect,
load applied to the adjacent path, passes. It is assumed that adjacent lanes
are influenced but that a separation of two lanes, two tire widths, generates

negligible effect.

Rut depth per pass for the tests conducted can be tabulated as shown

below.

R R B B P P/CI
Test Number D I D I /
A-0004-3 0.10 -0.02 0.11 -0.05 750 15
A-0005-3 0.25 -0.00 0.75 -0.35 1060 25
A-0008-3 0.06 -0.02 0.24 -0.12 1150 24
A-0009-3 0.10 -0.08 0.28 -0.02 1160 31

The terms RD and RI are tlie rut depth added per pass to direct

rolling and indirect rolling, The terms BD and BI are for braked response.

The data were collected for one slip value and there was no apparent
means of correlating the slip to the incremental rut depth values. It
appears as though the direct braking does create a rut depth change pro-
portional to braked sinkages, about 3 to 1, for the low load to cone index
ratio, However, the one test at a low load for the same slip generates
braked rut and rolling rut of the same magnitude. Therefore, until tests
are conducted at a different value of slip, it will be necessary to remember

that the braked incremental rut depth is directly related to 35 percent slip. !

For computational purposes, a graph has been constructed to provide

a guideline for analysis,

85
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Define Multipass History

It is necessary to list the passes in order as they occur. The history

would be of the form:

"
&
5

Type
Rolling

Braked
Braked

g
®
®
@

¢!

Rolling
Braked
Braked
Braked

NN U e W N e
"mm»—cwaxwum_l

n Braked

The rolling path effects are reasonably well defined, but it
must be remembered that the braked effects are valid only for 35 percent

slip. It is assumed that the paths are multiples of tire width so that path
1 is directly down the middle of the runway and all others are offset by an

integer multiple of the tire width distance.

s
B35 = " - B . ~ e - N
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Calculate Cumulative Effects

Cumulative rut depth is calculated by generating a running total of
the effects that exist on each path. It is necessary to do this because
although over 100 passes the cumulative results may be acceptable, the
rut depth at any intermediate pass may not be. This is true because indirect
effects apparently raise the soil and reduce the rut. Consequently, many
direct passes over one lane could generate a rut that exceeded the criteria
at the tenth pass, but the indirect effects of the 11th and 12th pass would
make a 12 pass analysis appear acceptable if we were only concerned with

the cumulative value and not running totals,

The final step is to tabulate the incremental effects with each pass.

The running total would appear as shown in Figure 49.

G. SUMMARY

A procedure has been described to calculate the effects of multipass

on soil surfaces, The data used restricts the analysis to the following:
1) Cohesive soil
2) Braked drag of 35 percent slip

3) Rut depths of approximately three inches.

Additionally, the following intuitive restriction is necessary. The data
indicated that indeed the soil of an adjacent lane can be raised above its
original surface by a small amount, It is not believed that this can exceed
a very small amount. If calculations indicate that the indirect effects want
to raise the soil level above the original ground level, the original value
snould be used., Cumulative depression is reasonable, cumulative 'heaving"

above ground level is not.
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Tire Type 7:00-6
Deflcction 35%
Contact Area 43, 4"
Footprint Length 9.0%
1L, First Pass Data
Rolling Sinkage Z =0,85% Rolling Rut Depth 0,32

Brak.d Sinkage ZB

=1.79

Braked Rut Depth

I, Incremental Rut Depth Data
Incremental Rolling Rut Depth = 0.30 = RD
Incremental Braked Rut Depth = 0,90 = BD
Incremental Rut Ratios
R B
E'I' = 0.25 -51 = 0. 50
B D
RI = 0.08 BI = 0.45
1v. Multipass History - Incremental Ruts
Pass| Zone Zones
No.! No. 4 2 1 3 5 Comments:
i 1R - -0.08 0, 32 -0, 08 - First Pass on 1
2 2B -0.58 1.16 |-0.58 - - First Pass on 2
3 5R - - - ~-0,08 0.32 First Pass on 5
4 4R 0. 32 -0.08 - - - First Pass on 4
5 3B - - -0.58 1.16 | -0.58 First Pass on 3
6 3R - - -0.08 0.30 | -0,08
7 2R -0.08 0.30 | -0.08 - -
Cumulative Ruts
1 - -0.08 0. 32 -0.08 -
2 -0.58 1.08 -0,26 -0.08 -
3 -0.58 1.08 -0,26 -0.16 0.32
4 -0.26 1.00 -0.26 ~-0.16 0,32
5 -0.26 1.00 -0.84 1.00 -0,26
6 -0.26 1.00 -0.92 1. 30 -0, 34
1 -0, 34 1.30 -1.00 1. 30 -0, 34
Figure 49. Sample Cumulative Rut Calculations.
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SECTION IV
STATIC STARTUP FORCE ANALYSIS

A, INTRODUCTION

Another aspect of tire/soil interaction is that of the difference between
start-up forces and rolling drag forcers for a given tire in a particular soil.
It has been recognized that the difference does exist, but no quantitative means
of predicting this is available, Consequently, existing data were examined to
determine how well it could be predicted using rolling tire prediction

parameters.

B, DATA AVAILABLE

The sources for start-up forcz data are listed in Table I on the
following page. These were selected because they were the only single wheel
tests conducted where initial drawbar pull data existed along with peak
rolling forces and average rolling force. All tests were conducted in a heavy

clay soil (buckshot).

C. DATA PRESENTATION

The primary concern of previous efforts has been the development of
rolling or braked drag ratios that could be predicted based upon tire/soil
parameter combinations, Similarly, then, static start-up drag ratios should
also be calculated for the same tire/soil parameter combinations if possible,
Consequently, the static start-up drag rario is defined as _R_§ , where Rs
is the start-up drag force and P the applied single wheel vegtical load. It

was assumed that just as rolling drag was dependent upon the ratio of applied

stress to cone index (a /CI); so should the static start-up drag.

Figure 50 presents all of the data available for the 25,00 x 28, 30 ply
tire. Two curves are shown for both free rolling drag ratio and start-up
drag ratio since both first pass and twentieth pass data were available. The
start-up ratios show considerable scztter and the free rolling valuer appeared

to be low. Magnitudes of the free rolling drag ratio were computed using the
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TABLE 1

DATA SOURCES

Applied
Inflation Rated Vertical Load
Reference Report Tire Type Pressure |CBR (1bs)
AFFDL-TR-66-43 56x16, 24 Ply 100 psi 9.5 35,000
Part UI
AFFDL-TR-66-43 25x28, 30 Ply 50 psi 12.0 35,000
Part VI
25x28, 30 Ply 100 psi 12.0 60,000
AFFDL-TR-66-43 56x16, 32 Ply 100 psi 9.2 25,000
Part Vi1
25x28, 30 Ply 100 psi 7.8 25,000
17x16, 12 Ply 100 psi 7.8 25,000
34x9.9, 14 Ply 100 psi 8.4 25,000
AFFDL-TR-66-43 25x28, 30 Ply 25 psi 3.9 25,000
Part iIX
25 x 28, 30 Ply 40 psi 4,1 25,000
25x28, 30 Ply 60 psi 4,6 25,000
25x28, 30 Ply 80 psi 5.0 25,000
*25x28, 30 Ply 100 psi 3.9 25,000
AFFDL-TR-66-43 25x%28, 30 Ply 50 psi 4,7 35,000
Part X

* This test was not used since lane trafficked had been used before
although '"essentially undamaged'’,
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available predictive equations and plotted as shown on Figure 53 . The

load strength ratios (o /CI) were calculated using the contact areas given

in the referenced reports for the particular tire at the given tire pressure.
Since there was such a significant difference between measured and calculated,
the peak rolling forces were plotted as also shown. The results of examining
the "'peak' rolling and "average' rolling ratios is that it is apparent that the

current predictive equations reflect the average force ratios for the two,

The start-up force ratio can be approximated by using the slope of the
calculated rolling drag ratio and adding an intercept magnitude of 0. 1.

Therefore:

s
P

uel be

+ 0.1

is the gross approximation of the data.

It is possible to conduct further analysis on the data but it is not
believed to be justified. The data points seem to be functions of cone index,
applied load and tire pressure although plotted against o./CI which contains
the same parameters. If only a given applied load and cone index is
examined there are four data points that can be used. These indicate,

Figure 52 , that there may be a tendency to follow the linear approximation,

3
3
b
:
Ed
. B
b
,_3

or that there may be a curve in the response observed.

The linear plot could be an approximation because of the data scatter,
The curve can also be justied. At the lower «/CI values the tire is soft
relative to the soil. If the tire becomes softer, it ultimately approaches a
flat tire which indeed has a large start-up force. At the higher a/CI value
the tire has greater stiffness than the soil and in the lim.t acts as a thin
sharp tire sinking deeply into a soft soil. Both extremes could suggest that

there is some optimum value of applied force, tire pressure and soil index
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to minimize start-up drag. However, the data are too limited to find the

true nature of the start-up approximation.

Other attempts were made to isolate the effects of tire pressure for
a given cone index, applied force for a given pressure, and other combinationg

of parameters. However, the data are too limited for any rigorous analysis.

D. SUMMARY

The data examined indicate that the start-up drag force is greater than
the measured or predicted rolling drag force for any given load strength
ratio. The number of data points available and the number of parameters to
be isolated are not compatible in terms of finding exact relations, The trend
of start-up drag can be seen, but how it can be more exactly predicted cannot

be determined. For preliminary criteria, if necessary, the start-up d+ayg ratio

is:

recognizing that this was found from tests conducted in buckshot clay with
the pressures of 25 to 100 psi, vertical forces of 25,000 to 60, 000 pounds,
and soil strengths of CBR 3.9 to CBR 12. 0.

...



SECTION V
TIRE/SOIL ROUGHNESS INTERACTION STUDIES

A, INTRODUCTION

Another area of the research effort to be considered was the investi-
gation of surface roughness effects upon tire and landing gear loads. There
have been many research efforts directed toward solving the problem of tire
and soil interaction with roughness present, Unfortunately, there have only
been a few analysec where flexible tires, soft soil and roughness have all
been considered simultaneously. The purpose of the analytical representation
selected to compute such an interaction, was that it should reflect tire

deflection, soil cormpression, drawbar pull or driving torque, surface slip

b ch

and the nature of the soil, whether cohesive or cohesgionless,

There have been other representations similar to that described, but
it is believed that the current model has greater flexibility and potential

capability to predict the desired response.

3
i
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B. BACKGROUND

The tire as it rolls through the soil deforms and depresses the soil.
At the interface between the two, shear and normal forces act to create an
equilibrium between horizontal, vertical and angular forces and inertial

accelerations. The problem classically has been to evolve a set of equations

- ol S e b ;ai;.‘ﬂawwu N

that predicts evaluation of the forces at the interface which will generate

r

the measured forces at the wheel hub and the soil instantaneous sinkage and
subsequent rut depth. The problem is further complicated if we permit the
tire to roll over large obstacles which cause localized forces and deformations

significantly different from what would be called ''steady-state rolling''.

The equations that have been used to present the tire/soil response
can be best explained by using an aralytical model. The model consists of
several elements selected to best duplicate the tire and soil without being

excessively complicated.

[

o e R 4 KT T P, AP ST AR NPT S o A

I
¥
Sl

BLive
BLhn 5 o
Piie $ART

it
D?K
7

N TRy SR

e
A
3
Y
:
5
§
b
i



s BRI IE A ¥ e A B

ke s

A b N

- AR g,

e

TSR L LY A SR
GRS L S AGG i

The tire is represented by a series of rotating spring mass-damper
systems. Figure 53 shows a tire segment which represents a nine-degree
portion of the tire. The wheel hub is the attachment point for all radial
segments, and is the location of the application of all vehicle inputs. That
is, at the hub we have the vehicle initial vertical and horizontal motions
and forces, The tire 'tread" is represented by a mass which is separated
from the hub by an elastic and viscous element. Usually these are linearly
elastic elements, but for the computer routine evolved, this is not mandatory.

The values of the stiffness, damping and mass are inputs to the program.

At the tire inertial element is shown the soil element. The analytical
representation was selected because it was desirable to have damped
inertial response, the top elements, and some representation of permanent
deformation, the lower element. It is known that the drag force of the tire
has a peak at some speed and then drops off. The model used permits this

to occur while allowing a calculation of both instantaneous sinkage and rut

depth,

As shown, the figure indicates one tire segment pushing down upon
one s0il element, In order to have a more valid representation of the tire,
a series of these segments are used., Figure 54 indicates 11 elements used
to represent the lower portion of the tire. These rotate at an angular velocity
and translate forward as dictated by the velocities of the hub. As the wheel
'"rolls", each tire segment contacts a soil element and compresses it, I
at the surface we have a normal and tangential force, it is possible to write

the equation of equilibrium as shown in Figure 55,

The free body diagram indicates that a moment is applied at the hub. :
This can be either positive or negative depending upon whether or not the

tire is torque driven or braked. Each tire segment contributes to the

st e A

summation of forces and mom.ents as it rotates from a starting position through

an arc of 90 degrees.
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Upper Soil
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Subsurface Soil
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Tread Element

Drawbar Pull
8pring Constant for Soil

Spring Constant for Tread
Element

Mass of the Soil Element
Mass of the Tread Elcment
Maes of the Wheel

Normal Force of the Sou
Applicd Vertical Force
Soil Tractive Force

Initial Horizontal Velcity
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Figure 53. Tire/Soil/Roughness Model.
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DP = Drawbar Pull
= Mass Moment of Inertia of the Wheel and Tire

=  Braking Torque

w

= Mass of Wheel and Tire

= Soil Normal Force

= Soil Tractive Force
= Total Weight
= Horizontal Acceleration

I

M

M

N

P = Applied Vertical Force
T

w

X

2 = Vertical Accelration :
6

= Angle of One Element

= Angular Acceleration

Figure 55. Free Body Diagram of Complete Wheel.
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The soil surface is represented by a series of line segments defined
by vertical position as functions of displacements along the '"runway''. The

points are input into the program as ordecred pairs.

The calculation of resulting tire/soil forces is made by following the
position of the tire ''tread' and determining where and when the intersection
of tire and soil contour begins. When this occurs, the integration of the
differertial equations begins and the moction of the hub results. The outputs
from the program are hub motions and forces, tire/soil interface forces,

instantaneous sinkage and rut depth,

The Soil Element

The 30il is modeled by having a spring-mass-damper system resting
on top of a viscous element. This configuration was chosen because of its
capability to produce a ''resonant'' force., Additionally, the two dependent
parameter model permits instantaneous sinkage as well as rut depth

prediction,

The model is shown below with a positive applied force.

F Z
1 T
KS 4L C s
Z HS
M— S
S
‘I Css
Ground i

&

.. -

oy

A AR ‘14'.“1,-:_'-*:"«.';‘);%»«)}Luﬁ\"ﬁw{k’%éé’&ﬁi- 2l



\

\ . - .

R A R A e S S T NS T A S . ) L

2 R T, F

FYP .

Pias

St

s

The applied force, F, is developed at the tire tread inter-

face. The upper stiffness and damping elements are K_ and C_, respectively. .

S s’

The soil mass, that beneath the tire tread, is M_, and the ''subsoil" damping

SD
The soil motion is all referenced to an inertial

ORI I S R Y

is ch i .
18 characterized by CsS

ground.

At the applied force,

ZF = Ma MZ

I RN © TRAMO T T

since no mass is present

TF =0

1

or,

) + CS(ZT-Z).

F:KS(ZT-Z S

1 S

The force supplied by the tire equals the resistance developed by the "upper"

soil,
For the ''soil" element,
. o _ Z ) . i . j .
, Y, MgZg =Kg (Zp - Zg) + Cg {2y - Zg) - CggZs
; or,
;g *0 L]
s MSZS=Fl - CSSZS .
These are the equations necessary to define the response of the soil, The :

only remaining aspect is that a logical control must be added such that the
force at the tire tread cannot be a tensile force. The s0il cannot pull the
tread. When the force gets to zero, all soil forced response must stop and

fransient response follow.
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The soil response starts whenever the tread contacts the soil.

Py priins:

At small angles of tire impact, when 6 is small, the model is intuitively
unrealistic since it is likely that a cohesionless soil would be pushed out of

the way rather than compressed. However, in order for the equations of soil

K
¥
3
2
3
d

and tread to be consistent, the same action/reaction force and displacements

for both, it 1s necessary to model the interaction as though only compression

occurs,

Later it will be shown that the normal force component that acts on

the tire will be used to calculate the frictional forces developed.

Tire Tread

A portion of the tire is represented by the tire ''tread' at the interface
between tire and soil,

The tread is acted upon by the soil, a normal and frictional force, the
inertial effects of the rotation, and the elasticity and damping of the tire,
The forces are shown with the tire accelerating positively. Summing

forces in the vertical direction,
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MTZT = N sinf + ’I‘l cosf - TZ cosf +MT RO cosf - MTRB sin® - FTsme -W

It is assumed that the traction across the tread is transferred directly without

any moment. Therefore T1 = 'I“2 and the equation becomes

MT.Z.T = N sin6 + MTR.B. cosf - MT R'B i gin 9 - FT sinf - WT.

The forces due to the angular motion of the wheel can also be
eliminated since they are internally accounted for, That is, the centrifugal
force of the element is balanced by a component of the tire reaction FT.

A similar component exists on the other side of the wheel hub, and hence
the net effect upon wheel response is negligible. The component due to
angular acceleration is accounted for in that no net force on hub is created
and the moment generated is contained within the product of the mass
moment of inertia of the entiire wheel multiplied by the wheel angular
acceleration, Therefore, the tread equation reduces to

MTZT=Nsm9 -FTsme—WT.

The normal force, N, is the normal of the soil force FSI’

hence

N1 = FSl sin 6 in magnitude.
However, since F 1 was derived for a positive displacement of the soil and
the force acting upon the tire is equal and opposite to that acting on the soil,

N1 = -FS1 sin 8, is the correct equation for the free body of the tread.

At the surface of the tire a frictional force is developed which

is carried iato the elastic side wall, The equation used for this was:
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T = AZ (ctangp - C) pu (s)

where T is the frictional forces in pounds
AZ is the tread area, square inches
0 is the normal stress, pounds/square inch
tan ¢ is the angle of internal soil friction, radians

C is the soil ~ohesion, pounds/square inch,

i (s) is the cube root of the slip.

The equation was developed in Reference 3 and provides a means of cal-

culating the surface force as a function of both soil properties, and local

slip.

The area of the tread is calculated assuming that each tread

segment represents nine degrees of arc. This, with the tire diameter and

section width, is sufficient to calculate a tread area. Specifically, for

nine degrees,

AZ = BT (,15708) RW

where BT is the section width, and RW is the tire radius.

Slip is defined as
v -V
W a

v
w

SLIP =

where Vw is the peripheral speed of the wheel, and Va is the horizontal
speed, However, for the portion of the tire which is touching a slope,

the slip must be redefined to account for the components along the slope.

~
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Slip is now the difference between peripheral speed and the
component of the horizontal speed divided by the peripheral speed
RO - X sin B

RS

SLIP =

This reverts to the original definition for tangen:y at the bottom of the

wheel,

If the peripheral speed is greater than the translational com-

ponent, the slip is positive as a powered wheel, whereas negative slip infers

braking.

The frictional force, T , originally defined in the tire tread
free body is shown as a positive force upward., This is consistent with a
positive slip. If the peripheral velocity exceeds the translational component,
slip is positive, the wheel slips over the soil and a friction force is developed

that acts to retard the motion in a positive direction.

Tire Elastic-Viscous Element

The tire ''side' wall is an elastic and viscous element in parallel.
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It is assumed that the friction force, T, can be carried by the bending
. stiffness of the side wall element without deformation. Therefore, T is
balanced by T and MT at the top of the element, the wheel hub., The element
is an axial force element and the force is:
Fp=Kp (Bp-0y) +Cp (5p-8y)
where KT is the stiffness in pounds/inch
CT is the damping in pounds/inch/second
GT is the axial deformation at the tire tread
k b is the axial deformation of the hub.
3 Since
3 .
ZT = 6T sin 8, and
ZW = 6W sin 0 ‘
ﬁ; :
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Wheel Hub

The free body diagram for the wheel hub is shown below.

where DP is the drawbar pull,

Ww is the weight of the payload

WP is the weight of the payload

MB is an applied torque (positive or negative)

P is an applied vertical force.

The equations of motion are:

w T w

(MP+MVV)XW= T sin 0 -FTcose + DP

frpd -
"

gt o

: Iwe -MT-MB.

ZW) + CT (ZT - ZW) ) /8in § .

(MP+MW)Z = Tcos8 +# F_ sinf -W_ -P-W
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The only variable not previously defined is MT. This is the moment gen-

erated by the friction at the soil and carried through the side wall. It is

therefore,

where r=Rw+5w-6T,

the undeformed radius RW, plus the extension of the hub, minus compression

<
%
%
s

at the tread. Since

8. = Zw/sin 8, 6

- =ZT/ sin 8,

T

then

r = RW +(ZW- ZT)/sme.

¢ Logical Controls

. The equations developed are necessary to calculate the force and
moment response of a soft tire as it compresses a soft soil. However, the
equations reflect the response as though at some initial time tire and
soil are touching with known initial conditions, This is not true in that we
wish to have a tire element rotate until it touches the soil, and then the

response is calculated for whatever conditions existed at that moment.

Recognition of tire-soil impact is accomplished by ~omputing the

difference in elevation between the tread and soil at any particular time.
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C. ROLLING TIRE COMPUTER PROGRAM AND SAMPLE RESULTS

The equations evolved were programmed using the MIMIC computer

program detailed in Reference 19,

shown in Appendix B.

A complete listing of the program is

Many comment cards have been included in the

printout to indicate the appropriate steps being taken for each block of

cards.,

A sample run was made using the following input conditions.

Initial horizontal velocity
Initial vertical velocity
Initial vertical applied force
Drawbar pull

Braking moment

Payload weight

Wheel weight

Wheel height above ground reference

Tire radius

Wheel moment of inertia
Tire segment weight
Tire Segment stiffness
Tire segment damping
Tire width

Weight of soil segment
Soil segment stiffness
Soil segment damping
Subsoil damping

Height of soil above reference
Soil cohesion

Internal friction angle

110
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2000.

240, inches per second

0. inches per second

0. pounds

500. pounds

0. inch pounds

500. pounds
500. pounds

30. inches

25. inches

500. pound-inch -seconds square

5. pounds

500. pounds

5. pounds per inch per second

20. inches

20. pounds
pounds per inch

0. pounds per inch per second
20, pounds per inch per second
6.5 inches

1. pound per square inch

0.016 radian
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The numbers used are generally indicative of realistic values although
some of them are strictly estimetes. The soil model characteristics are
not knowns since we do not know how a soil '"segment'' reacts. This doesn't,
however, eliminate the use of real world value for cohesion and integral
friction at the tire tread/soil interface. Consequently, those values are for

a low strength clay soil,

The computed drag and slip are shown on Figure 56, The pilots
indicate that in free falling for one-tenth of a second, transient response is
still present after 0. 65 seconds of motion. Assuming that steady state drag
will be about 100 pounds, the drag ratio would be 0.1. The sinkage computed
for the same impact is approximately 2 inches for a 50-inch diameter wheel.
Therefore, Z/D = 0,04 and this corresponds to a rolling drag ratio of 0.17
for CBR 6 soil, wvonsequently the drag is at least the right order of
magnitude for a rather hypothetical wheel.

The computation shown required approximately five minutes of com-
puter time using a CDC 6600 series computer, If the routine had been run
long encugh for a steady state solution and then a ''roughness' introduced,
it is apparent that significant computer time would be required. Additional
study is required to more thoroughly evaluate the model and establish

whether or not sufficiently accurate results can be established with a single

representation.

D. ROUGHNESS INTERACTION STUDIES SUMMARY

A computer program has been developed which is designed to calculate
the effects of soil surface roughness upon the sinkage and drag of a pneumatic
tire. The program has the capability to utilize true soil properties and
realistic tire and wheel characteristics and applied loads, and surface
roughness. The one aspect remaining to be solved is that of defining the
analytical characteristics of soil and tire stiffness and damping. The

program was developed in order to use as input existing test data for rolling
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tires. Since the test data would reflect the input and outputs for given soils
and tires, the model coefficients would be adjusted to match the measured
output of drag, instantaneous sinkage and rut depth. The program was
developed to the point of generating the desired outputs, but it was not
possible to conclude the effort with test data which are available. Hopefully,
in the future such steps will be taken.
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SECTION VI :
ADDITIONAL EFFORT IN TIRE/SOIL INTERACTION

A, TRAINING SESSION - SHORT COURSE ON LANDING GEAR/SOIL
INTERACTION AND FLOTATION SYSTEM DESIGN

xoueeyce g s
g el

A short course on landing gear/soil interaction and flotation design
was held at the University of Dayton on September 18 and 19, 1974, The
course was designed to disseminate the latest information available on
landing gear/soil interaction phenomena and associated aircraft design
and operation criteria for soil runways to government and industry
personnel. A total of 21 persons, representing airframe manufacturers,

aircraft tire manufacturers, governmental agencies, and one university

were present,

Three volumes of material were provided to all participants along

with video tape explanations and workshop problem sessions. The areas

discussed were:

- Aircraft tire/soil sinkage and drag performance
- Multiwheel sinkage and drag performance

- High speed sinkage and drag performance

- Braked tire sinkage and drag performance

- Turning performance on soils

- Takeoff and landing performance on soils

A complete set of instructional materials can be obtained for the cost

of reproduction upon request to:

Dr. David C. Kraft
Dean of Engineering
University of Dayton
Dayton, Ohio 45469
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SECTION VI
DEVELOPMENT OF A FULL-SCALE TEST PROGRAM
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A, TNTRODUCTION

The following proposed test plan outlines a series of tests to be con-
ducted using a full-scale aircraft operating on a soil runway. The type of
aircraft is not specified, but the parameters to be controlled and measured

should be applicable to any aircraft having a medium transport classification.

B. PURPOSE

Significant advances have been made in the last several years in the
area of predicting tire/soil response of aircraft tires while free roliing,
turning, or being braked. The majority of the data has been the results of
tests conducted in laboratories using loads and tires that are not those seen
in operational conditions. Although the prediction equations are based upon
particular tire/soil parameters which correlate with a great amount of data
collected for many tire types and sizes and several soil types and strengths;

still it remains to conduct full-sczle tests.

The tests proposed are concerned with the taxi and turning aspects of
ground maneuvering. Turning is a function of free rolling drag, brzaked drag
and side forces developed on both nose wheel and main gear. Since the side
forces are functions of the zero steering angle forces, it is necessary to

measure ''taxi' loads first, before proceeding on to the turning maneuver.

The accomplishment of the proposed tests would accomplish several

objectives:

1) Permit comparison of measured forces on full-scale wheel
assemblies under operational loads, with predicted values for

free rolling and braked wheels.
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2) Permit comparisons of measured and calculated rut depths for

free rolling and braked, zero steering angle, wheel assemblies,

3) Provide guidarnce in updating the existing routines so that additional

parameters that are significant can be isolated and incorporated.

C. TEST PROGRAM

There are many ways of establishing the test matrix for a particular
test program. The most direct approach for this program is to consider the
various means of performing over the ground maneuvers, Specifically, there
are three ways to maneuver over the ground at low airspeeds. These are:

1) differential engine thrust, 2) differential braking, and 3) nose wheel

steering. These can be tabulated as shown below.

Thrust (Symmetrical) Thrust (Unsymmetrical)
Brakes Trail Steering Trail Steering
None 1 3 2 4
Symmetrical 5 7 6 8
Differential 9 11 10 iz

This suggests the hierarchy of testing required to accurately isolate
the many variables present. For example, block number 1; symmetrical
thrust, no steering and no brake, is a description of a free-rolling taxi
maneuver, If a vehicle were taxiiing at constant thrust and velocity under
these conditions, any measurements taken on the landing gear mounts would
be indicative of free rolling drag as modified by any multiwheel effects.
Therefore, for the particular wheel and tire configuration, load distribution
and soil, it is possible to compare the forces developed with predicted

values from existing equations.

116

RS A AT o St ks S T

. o s
o A o R g 3zt PR S L R
oot il N R e R SR S T AT AR L S £3

S T A o S S R Gl ST

\.

P o .

TS




® -
B R A S S e A e S M s e e R s (s S s s Sk ny o =y ey

AL

I
bR AR npR,

o

The next added complexity could then be that of braking as listed in

block number 5. Symme<trical braking of the main gear does not cause any

PR

turning (theoretically) but does cause increased drag loads as a function of

3,
5
4
s
e
ks
g
3
v
7
i
N

wheel slip. No turn angle or steering angles would be introduced and it would

be possible to collect data for braked wheel respense.

All other cells of the table do introduce some turning and hence
generate a turn angle for all wheel assemblies. The question is how to best
conduct the testing to minimize any multiple parameter effects and maximize
the effects of particular paramecters. The next test block would thzrefore be

number 3 which introduces nosewheel steering as the means of turning.

By using only nose wheel steering with free rolling wheels and constant
thrust, the vehicle has to reach an equilibrium condition where there will
be a specific turn angle for each wheel assembly as dictated by the free
rolling side and drag forces. Additionally,at that condition a turned sinkage
and rut depth will be generated. The effects of thrust and braking have been

eliminated.

The next higher order of complexity would be posscible testing with
symmetrical braking as identified by cell number 7. By adding symmetrical
braking it is possible to establish the effects of braked slip at a turn angle.
The effects of combined braking and turning on tire sinkage and drag are not

known. Since the previous test series was to be conducted at a turned con-

Lty

od

X
DINBIR

dition with no braking, it should be possible to estimate how the sinkage and

P
2

drag are related with braking.

This completes the testing required in that any other combination of

thrust, braking or steering does not introduce a new environment for the

S it e At i
e

wheel, It can either be straight ahead rolling, turned rolling, or braked
: with and without a turn angle., The four test series outlined provide data
for all of these combinations. Any additional testing would certainly be
beneficial in better defining the effects of thrust and braking upon overall

vehicle response, but would not, theoretically, alter the interaction effects

already evaluated,
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Further refinement of the test program is possible when we consider
' \: the number of significant parameters and the possible variations. These
i: are:
§ Parameter Variations Number
Gross Weight Design gross weight aand max gross 2
weight,
Taxi Speed Minimum and maximum of Region II 2
(5 to 20 kts)
: Tire Deflection Operational value only (32%) 1
Soil Type Clay or Sand 2
Thrust Symmetrical as required for 1
constant speed.
Steering Trail position, 20, 40 and 60°. 4
Brakes Symmetrical, 15, 30, and 45 4

percent slip.

The steering values of 20, 40 and 60° were selected based upon known
criteria for C-130E turning. The braked slip values are established to
investigate minimum braking, an intermediate value which theoretically
generated a braked drag ratio of 50% and a maximum value which should

approach the 0.8 drag ratio required by specification.

Using the above values generates the following number of tests .

Test Type
Control Variables 1 5 ., 3 7 z
Gross Weight 2% 2 2 2 -
Taxi Speed 2 2 12 2 , .
Soil Type 2 2 - 2 2 -
; |
Thrust As Required >
Steering 1 1 3 3 S
Brakes 1 31 3 i
Product 8 24 ' 24 72 128
]

* Number of variations.
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Therefore, 128 separate passes would be required. Realistically this implies
that at one test site 64 taxi tests would be required in order to cover a spectrum

of operational conditions.

Test Matrix

The test matrix for one testing site would be as shown.

TABLE II
TEST SITE "A" (SOIL I)

Test Gross Velocity Steering Braked
Number Weight {Kts) (Degrees) (% slip) Objectives
101 Wl 5 Trail None Verify
102 W2 5 Trail None Free Rolling
103 W1 20 Trail None Drag and Sinkage
104 WZ 20 Trail None Prediciion
Techniques - With
nc Turning
501 Wl 5 Trail 15 Verify
502 Wl 5 Trail 30 Braked Rolling
503 W1 5 Trail 45 Response
504 Wl 20 Trail 15 Prediction
508 Wl 20 Trail 30 Techniques ‘
506 W1 20 Trail 45 With no
507 WZ 5 Trail 15 Turning §
508 W2 5 Trail 30

, ;
- ; et e g
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TABLE II (Continued)
Test Gross Velocity Steering Braked
Number Weight (Kts) {Degrees) (% Slip) Objectives
(1bs)

509 w 2 5 Trail 45
510 w > 20 Trail 15
511 W2 20 Trail 30
512 w > 20 Trail 45
301 W1 5 20 None Establish
302 W1 5 40 None Effects of

‘ 303 Wl 5 60 None Turn Angle

: 304 Wl 20 20 None on
305 W! 20 40 None Free Rolling
306 W1 20 60 None Wheels
307 W‘2 5 20 None
308 W2 5 40 None
309 W‘2 5 60 None
310 w 2 20 20 None
311 w > 20 40 None
312 w > 20 60 None
701 W1 5 20 15 Establish
702 W1 5 20 30 Effects of
703 W1 5 20 45 Turn Angle Ay
704 Wl 5 40 15 on
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TABLE II (Continued)

»
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Test Gross
Number Weight Velocity Stee. ing Braked
(1bs) (Kts) (Degrees) (% Slip) Objectives

705 W 5 40 30 Braked Wheels
706 w 5 40 45

707

=
L d
wn

60 15

708 5 60 30

=

709 5 60 45

[

710 20 20 15

=

711 20 20 30

s

712 20 20 45

—

»
{
¥

»

. 713 20 40 15

Pt

i
:
é
:

714 20 40 30

St

715 20 40 45

£ = = = = £ = = =

716 20 60 15

[

717

=

20 60 30

: 718 20 60 45

(%)

5 20 15

(3"

§ 719

; 720 5 20 30 :
; 2 {
{ 721 5 20 45

o

722 40 15

(3%

723 5 40 30

724 5 40 45

[ 3 Y]
A AT IR SR oW
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w
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i 725 5 60 15
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TABLE II (Concluded)

Test Gross
Number Weight Velocity Steering Braked Objectives
(1bs) (Kts) (Degrees) (% Slip)
726 W2 5 60 30
727 W2 5 60 45
728 W2 20 20 15
729 W2 20 20 30
730 W‘2 20 20 45
731 W‘2 20 40 15
732 W2 20 40 30
733 W2 20 40 45
734 W2 20 60 15
735 WZ 20 60 30
736 W.2 20 60 45

The matrix evolved was generated assuming that gross weight changes
would be most difficult to achieve during testing, and braking and steering
the least difficult. As a variation of parameters the matrix is correct, but
operationally it would seem more realistic to run all tests of one gross
weight first, then modify it to the other value. Hence, at one site, all

gross weight W _ tests would be conducted first for all configurations of

1
velocity, steering and braking, and then all W_ tests conducted. The tests

2
would then be reduced to two 32 test series at the one site.  Thirty-two
tests are possible without sigrificant pretest preparation assuming the
taxi area does not need preparaticn between tests and that the gross weight

does not change significantly during the time required.
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Measurements Required
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The measurements required car be classified as aircraf. data, landing .

gear data, tire data, soil characteristics, controls and respounse data.

The aircraft parameters with computer related symbols are:

Gross Weight

Mass Moment of Inertia about the Vertical Axis
Taxi Velocity

Ground Level to Thrust Line

Engine Spacing

Ground Level to Forward c. g.

Landing gear parameters are:

Nose gear c.g. to forward c. g.
Nose gear c.g. to Average c.g.
Nose gear c.g. to aft c. g.
Nose gear c.g. to main c. g.
Main gear c. g. to forward c. g.
Main gear c. g. to average c. g.
Spacing between main gear
Twin spacing of nose gear
Twin spacing of main gear

Tandem spacing of main tires

Tire Data

Nose tire type

Nose tire deflection

Nose tire diameter

Nose tire flange diameter

Total number of nose tires

Lt e O A SRR SR L sty £ At el
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Main tire type

Main tire deflection DEM
Main tire diameter DM
Main tire flange diameter DFM
Total number of n.ain tires NM
Number of tire per side N1
Number of tires in tandem NM1
Number of tires in twin configuration NN1
Soil Data

Soil classification NTYP
Soil strength by cone index reading Cl
Controls Data

Braked slip as a function of time SL
Nose wheel steering angle as a function of time BETA
Response Data

Nose wheel drag RN
Nose wheel side force SFN
Nose wheel torque TMN
Nose wheel steering angle BP
Nose wheel vertical force PN
Nose wheel rut depth ZR1
Left wheel drag RML
Left wheel side force SFML
Left wheel torque TMML
Leit wheel vertical force PMR
Left wheel rut depth ZR2
Right wheel drag RMR 3

124

" < Y . st e e G e A o b i
R T B e PR PO T S R T A A

AN AR AR e s i 5 2 S T G S
R B T A SRR T AR S -:A"%‘r,‘t—‘-}‘- R SN RS

R

LTI CCTENON S ey

RIS



f .. . ]

e s, e ke b s , . : Sl - - o

B S R R e e S R S S A e SRR St M e B i L B
’ Right wheel side force SFMR

Right wheel torque TMMR .

Right wheel vertical force PML

Rigat wheel rut depth ZR2

Vehicle side acceleration versus time ACVS

Vehicle thrust versus time THRT

Path over the ground versus time

All of the above are in pounds and inches except for velocity which is

currently in knots and side acceleration which is in "'g'" units.
Yy g

Some of the desired measurements will come from manufacturers
data and can be compiled before any tests occur. The tests which will have

to be measured by transducer or direct measurement are:

Gross weight
: Taxi velocity

Soils data

Controls data

All response data

Specific Measurement Requirements

The following items are discussed in order to establish the range
of values that can be anticipated and possible means of collecting the

data.

Gross Weight

Gross weight has to be found whether as a particular number indicative

AR A IS et +

of calculated values from a weights and balance handbook, or as a summation
of vertical forces measured at each landing gear mount. The gross weight
can be obtained from strain gage data on the struts, pressures within the

struts, or however it can be easily measured.
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Soils Data

It is desirable to have tests run on clay type soil and granular type
soil. The strength is determined by cone penetration tests and it could be
that the strength may dictate the gross weight ranges to be used. The
nomographof Figure 39 will be used to establish the combination of gross
weight and soil strength which is reasonable. Standard bulk soil sample
tests for each site are necessary for classification purposes. For the
range of steering angles and velocities assumed, it is realistic to require
cone index data to be collected at approximately 250 foot intervals. This

would generate about 4 readings along the path for the 20 knot, 20° turn.

Taxi Velocity

The velocity of the vehicle over the ground should be established for
the entire test as a function of time. There are several means of achieving
this available. One would be direct measurement of wheel motion but this
would be subject to the problems of inherent slip, wheel differential in
turns, surface roughness and dynamic response. Another means would be
optical tracking as by a phototheodolite. This means suffers from having to
differentiate displacement measurements as well as tracking the true
center of gravity. However, the optical tracking is suggested as the primary

means since the path over the ground is also desired.

Controls Data

Braked wheel slip and nose wheel steering as functions of time are
required. Wheel slip specifically, is difficult to measure, Consequently
it will be necessary to instead measure brake pressure, braking torque
or whatever may be available to infer wheel slip. Nose wheel steering
should be taken from a nose wheel indicator if possible. It is understood
that some steering devices have built-in limiting devices which do not permit
severe control motions. Therefore, any measurements at the control
wheel could be out-of-phase and measurement should be taken at the wheel

or mount as indicative of response not control.
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Response Data

All landing gear struts should be instrumented for vertical force,
drag force, side forces and torque. If individual wheel measurements
could be taken this would also be greatly desirable. The specific force
levels for each will have to be based upon existing criteria limits unless
sufficient data is available ahead of time to compute theoretical values,
Side and drag force ratios of one-half can be assumed and a coefficient

of friction of 0,8 assumed to calculated generated torque.

Rut depths should be measured at each cone index location and at
those points where significant changes can be observed due to steering
or braking changes. Because of the many possible trajectories it will be
necessary to take measurements across the ruts assuming that the terrain
at two to three landing gear widths was unaffected by the passage of the
gear. Surveying equipment will be necessary to establish the location of

the measurements.

Vehicle side acceleration measurements can be collected using an
accelerometer with one half '"g" range mounted at or near the center of
gravity of the vehicle and aligned with the lateral axis of the vehicle.
Longitudinal measurements should also be taken to establish when an

equilibrium condition is achieved.

Engine thrust is requir © 7f data are available to relate the thrust
to cockpit lever displacemen. :f »0sition measurements would be
recorded as function of time, * - is not possible, tachometer readings

should be recorded or engine . ount thrust values if possible.
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Additional Comi.ents

It is extremely desirable to utilize the existing computer program
to study some of the selected variations for the particular vehicle selected.
By doing that it is possible to establish force levels anticipated and more
importantly trajectories, It is desired to conduct the test for 'first pass"
data collection. This infers that it is possible to conduct tests that do not
cross over the paths of one another. Otherwise surface preparation would

possibly be recuired after each test. By examining the trajectories ahead of

time it may be possible to establish not only a time hierarchy but a spatial

hierarchy.
Test Facility
Where the tests can be conducted is not known at the present time,

Data Reduction

It is assumed that the majority of the response and controls data
would be collected using on-board recorders generating hard copy oscillogram
records. The number of channels required indicate probably two recorder

time gynchronized to provide a valid time base,

The data channels can be manually examined to determine where
equilibrium conditions exists as seen in longitudinal acceleration, lateral
acceleration drag force, side force and vehicle velocity. These locations
are then reduced using the proper calibration factors and tabulated in the
same manner as shown on the computer printout shown in Figure 57, When
this type of display it is then possible to return to the equations contained
within the computer program and determine how computed forces and sinkages
compare with measured. Ideally it would be desirable to have the data
reduction conducted by a data acquisition system similar to that used at !
AEWES for tire tests,

The system uses a computer to establish the mean i

values of the parameters and print them out for "equilibrium?" conditions.
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AIRCRAFT PARAMETERS fz
Gross Weight GW = 133000.0 Lbs. )
lnitial Ground Vel. Vo = 5,0 Knots
TIRE DATA -- NOSE MAIN
Tire Deflection (%) DE = 35,00 DEM = 35.00
Tire Diameter (In.) DN = 38.00 DM = 55,20
4 Flange Diam. (In.) DFN = 18.50 DFM = 24,00
. Total No. of Tires NN = 2 NM = 4
3 No. of Tires/Bogie N1 = 2 )
R No, of Tires--Tandem NM1 = 2 ;
4 No. of Tires --Twin NN1 = 0
! Tire Type Type 3 Type 3
TIRE AND C.G. DISTANCES -- (IN INCHES)
Nose Gear C.G. to FWD C.G. L = 346. 30
Nose Gear C.G. to AVE C.G. AL = 358.80
25 Nose Gear C.G. to AFT C.G, LL = 371.30
) 3 Nose Gear C.G. to Main Gear C.G. F = 388.10
§ Main Gear C.G. to FWD C.G. M = 41,70
; Main Gear C.G. to AVE C.G. AVM = 29,20
N Ground Level to FWD C.G. U = 150,00
t Ground Level to Engine UE = 153.00
Between C.G.'s of Left & Right Main E = 172.00
Twin Spacing of Nose Tires SN = 22.00
Twin Spacing of Main Tires SM = 0.00
;] Tandem Spacing of Main Tires SNM = 60,00
E SOIL PARAMETERS
2 Cone Index CI =192.00
' Soil Type NTYP= 1
ENGINE PARAMETER f
E
i Thrust Differential PE = 1.00 :
E i
i !
| z
; Figure 57. Master Program Input Requirements. ‘ .
' (Typed Facsimile for Clarity. ) b
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Should this not be possible, manual techniques can be used since there would

only be 64 tests at one site.

The reduction of the phototheodolite data cannot be discussed until

more is known about the type of system available (if that system is used).

Technical Order and Specification Development

As mentioned previously, it is very advantageoas to conduct prelimi-~
nary analyses for the assumed vehicle configuration for several of the more
severe maneuvers. These may irdicate that force ratio will be excessive
and that the braking, steering or velocity should be reduced. This in effect
is generating a set of criteria for a technical order which will be verified
or modified by test. Similarly, *he forces developed may indicate that the
specifications currently used can be modified in that the force ratios for
wheel asseimnblies or the total vehicle are not realistic unless additional
parameters are included in the specification, That is, the current specification
does not mention turning velocity, yet velocity is an important parameter
if side force is to be limited while conducting a minimum radius turn.
Additionally, even if the turn can be accomplished, the ruts developed may

not be acceptable because of the required mission of the unprepared airfield.

Preliminary technical orders and military specification modifications

can be evolved prior to testing and updated after the test results have been

evaluated.
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SECTION VIII
MASTER PREDICTIVE COMPUTER PROGRAM

The Master Predictive Computer Program is composed of four
previously developed computer programs; TAKEOFF, LANDING (TAKE-
OF F modified for landing aircraft), TURNING, and DPEAC (aircraft passes
capability). Any one of the programs or any combination of the four pro-
grams can be run for a given set of data, and as many data sets as are
required can be used. A data set consists of the values of the program option
variables and the input values necessary for the particular program(s) to

run.

The program option variables are IOPT1, IOPT2, IOPT3, and IOPT4
which correspond respectively to the TAKEOFF, LANDING, TURNING,
and DPEAC programs. By setting the approupriate option variable equal to
an integer 1 (one) for TAKEOFF, TURNING, and DPEAC and equal to an
integer 2 (two) for LANDING the designated program(s) will be executed.

If a program is not to be run, an integer other than those mentioned above

must be supplied as input,

DASET, the number of data sets to be run, is the first variable read.
Next to the program option variables (IOPT1, IOPT2, IOPT3, IOPT4)
are read followed by the variables common to all four programs, The rest
of the variables read in are specific to particular programs as illustrated

in Figure 58,

All of the variables used in the master program have been previously
used and defined in the TAKEOFF, TURNING, and DPEAC programs
except for the following:

THMAX - maximum aircraft thrust

VOL - initial velocity for LANDING

VTOL - dummy takeoff velocity variable in LANDING (VTOL must have a
greater value than VOL for LANDING to run)
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AOQOL - initial acceleration for LANDING
SOL - initial runway distance for .LANDING

VO3 - initial velocity for TURNING (VO in original TURNING)
DT3 - time increment for TURNING (DT in original TURNING)

An example of the data cards required to run the master predictive
program is shown in Figure 59 for the C-130E aircraft. The program
option variables in this example (data card number 2) have been supplied
with values to run all four programs. As an illustration of using combinations
of the programs, the program option variables data card shown beneath

the data set has values which will run only TAKEOFF and LANDING,

The outputs generated by the selected routines are identical to those
Previously discussed, That is, the turning portion provides output as seen
in Figure 56, and the number of passes are presented in Reference 20.
The main purpose of developing the master program was to generate one
Program which would use the same variables in essentially three different
digital routines, This aspect was accomplished but the outputs were not

modified to have a ''standardized" appearance.
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133000
35.
60.0

38.
18.5

0.
41.7

-20.
10200,
188.

. - ,', 5
2 1 1
55.2 12, 38 19.6
24. 388. 22.
2 3 3
1
180, 1745, 2.395
2.6 0. 10200.
4
0. 200.
10200.
0. 0.
0- 0.
41,7 150. 172.

12.0 15.0 18.0 20.0 20.0
20,0 20,0 20.0 20.0 20.0
20,0 20.0 20.0 20.0 20.9
20,0 20,0 20.0 20.0 18.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.5 153,

Program Option Variable Data Card For
Running Takeoff and Landing

1 2

Figure 59,

0 0

Input Data Cards for Master Program.,
(Typed Facsimile for Claritv )
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SECTION IX
APPLICATION TO CURRENT SPECIFICATIONS

A, TURNING

Military Specification MIL-A-008862A , Airplane Strength and
Rigidity, Landing and Ground Handling Loads, contains the definition of
a turn and formula to be used to establish turning loads. Under paragraph

3.3.2 Turning the turn is to be achieved by:

a) Unsymmetrical thrust or nose whecl steering

b) Unsymmetrical thrust or nose wheel steering with symmetrical
braking, and
c) Differential braking,

The parameters that generate a turn are the braking, differential thrust or
nose wheel steering. If we tabulate the various values these parameters

can have, there are twelve combinations, For example

Thrust {(Symmetrical) | Thrust Unsymmetrical)
Brakes Trail Steering Trail Steering
None 1 3 2 4
Symmetrical 5 7 6 8
Differential 9 11 10 12

Cells 1 and 5 are trivial combinations since either no brakes or symmetrical
brakes with a trailing nose wheel and symmetrical thrust,will not turn

the vehicle,

If we consider turns achieved by only one control parameter, there
| are three possibilities., Cells 2, 3, and 9 are for a turn generated by

thrust alone, steering alone, and differential braking respectively.
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Two control parameter turns are those of cells, 4, 6, 7, 10, and 11,

These are asymmetrical thrust with nose wheel steering and symmetrical
brakes, nose wheel steering with symmetrical brakes, differential braking
with asymmetrical thrust and with nose wheel steering, Symmetrical

brakes introduces a unique turning condition because they influence the
vertical forces at the landing gear by changing the pitching moment.
Therefore, even though symmetrical braking does not change the direction of
the aircraft, its combination with other parameters changes the turning
response, All three parameters are used in cells 8 and 12 where differential
thrust, nose wheel steering, and symmetrical and differential braking are

possible.

Current specifications, as listed above, cnnsider only cells 2, 3, 6,

7, and 9. Combining these with the trivial cells and eliminating these from
the total, there are five conditions not covered by the current specifications,

These are;

Asymmetrical thrust with steering

¥ :
;
3
ES
.
¥
!
a
i
]
¥

Asymmetrical thrust with steering and symmetrical brakes

EPRPR

Asymmetrical thrust with unsymmetrical brakes
Differential braking with steering

Differential braking with steering and unsymmetrical thrust

From the table it is apparent that those not currently specified are those

¢ ity Mo sty s B e T

of the most extreme maneuvering inputs, those with the greater number
of control parameters. From very limited data, it appears that these
conditions would be those that would create the smallest operational
turning radius and would therefore be very desirable maneuvers for
aircraft operating in forward areas, The data presented in Section III
indicate that for a particular set of input conditions to a C-130E, the
minimum field width could be reduced by 20 percent by using differential

braking with nosewheel steering. The thrust required to overcome the
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braked drag is nearly all of the thrust available and therefore in this

case differential thrust would not even be possible. Therefore, it appears
that while some of the combinations are at least theoretically possible,
they may not in fact be practically possible., Nonetheless, there are
additional turning maneuver operations which could conceivably be

considered for inclusion into the specification.

Under Paragraph 4.6 Turning, of the standard, several formulas are
given for calculating the loads for outside and inside gear based upon ver-

tical load factor, N_ , s:de load factor, N5 , and weight distribution based

Z
upon the geometry of the landing gear., This is consistent with assuming
that the vehicle is in a steady state turn where side forces balance the
inertial response and the vertical forces are generated by inertial response

and rolling moment.

From previous discussions, it is apparent that rolling drag can become
very large. Therefore, it is not necessarily realistic to ignore the effects
of rolling drag developed in soils. The specification indicates that for bare
soil fields, each unbraked wheel shall have a drag reaction of 0.2 times
the vertical reaction. If this is observed, then it is only reasonable to

have a forward load factor, N which would be used to calculate an

L »
additional contribution to the vertical forces on each landing gear, The

current specified value of 0.8 times the vertical reaction for lateral load
(drag and side force resultant) seems reasonable. The drag ratio at that

level would add significantly to the nose wheel loads.

The specified side load ratio of 0.5 for both vehicle and any wheel a
seems reasonable for vehicle and main gear based upon very limited data.
The C130E example indicates that the vehicle side force ratio can only be
approached at high taxi speeds where the turning radius becomes very large.
Hence, considering the desire to keep taxi speeds down and tura in a
reasonable space, the vehicle side force ratio is probably consistent with

other turn parameters.
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The side force ratio as applied to any one wheel may be more suspect.
The first two specified means of turning are with nose wheel steering. Test
data indicates that the limiting value may be exceeded depending upon the
turn angle and sinkage. Additionally, the peak side force on the nose wheel
may occur because of the steering rate, not the steering angle, Therefore,
it appears that the nose wheel may require a special analysis to predict

its maximum loading condition. Either that or retaining the present maxi-
mum side force ratio will require that steering rate and forward velocity be
examined to calculate their effects., This is necessary since the turn angle

is dictated both by the steering rate and the forward velocity.

Present turning specifications do not reflect all possible configurations
of turning mechanisms possible. The equations available do provide real-
istic load factors for vehicle side force, but do not reflect the pitching
moment due to drag and thrust. Nosewheel steering can provide unique
loading conditions due to steering rate and forward velocity and these factors
should be mentioned. Additionally, with current equations and nomograms
available for the solution of sinkage and drag, it is possible to obtain better
estimates of rolling and braked drag rather than assuming two distinct
values, Lastly, because of the effects of speed, not only for drag but upon

turning rate, velocity should be introduced in order to call attention to its

presence.

B. MULTIPASS

The Design Handbook, AFSC DM-21, under Design Notes 4C2, Un-

surfaced Airfields, lists a method to be used in evaluating relative ground

flotation performance. The procedure enables calculation of the permissable
number of passes an aircraft can make over heavy clay soil prior to the
formation of a three-inch rut, The procedure is restricted to one soil type
and one soil failure criteria. Data collected from this program indicate

that rut depth can be predicted as a function of soil type and strength, and
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number of passes. The data are currently restricted to a limited number of
passes, but it is indicative that the depth can be predicted since the three-

inch rut may not be limiting for large diameter tires.

Since the prediction of rut depth relies upon first pass sinkage and rut,
it is possible that additional nomograms or equations could be included in
the multipass analysis currently used. The technique requires the calculation
of tire contact area and single wheel load. The solution of first pass sinkage
and rut depth then only requires knowledge of soil type and strength. With
this as a starting point, rut depth for a given number of passes in the same
path, or adjaccnt paths could be determined. In this manner, it is possible
to determine an allowable number of passes for a variable rut depth, If it
can be shown that the permissable rut depth is dictated by limiting drag or
structural interference, then the number of passes would be dictated by
tire size and deflection, soil properties, and the particular vehicle geometry,

not a selected rut depth.
A revised means of calculating allowable passe: would be:

(1) Establish maximum permissable rut depth based upon landing
gear physical configuration, external stores, or vehicle

consideration such as wheel well doors.

(2) Establish maximum permissable rut depth based upon
structural strength restrictions or drag restriction determined

by thrust available.
(3) Select maximum permissable rut depth from the above information,

(4) For the specific landing gear, tire, soil and vehicle weight
distribution, calculate the number of passes possible. This
can assume multiple passes in the same lanes or a specific
distribution and time phasing between passes. Braking could

be included.
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In summary, multipass design criteria can be updated so that the
appropriate specifications would require the allowable number of passes

to be found based upon new predictive equations, These would reflect soil
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strength and type, and the time history of the passes made,

C. TAKEOFF AND LANDING

Takeoff and landing performance on unprepared runways is specified
in terms of rolling or braked drag. Rolling drag is assumed to be 0.2 times
the vertical reaction while braked drag is 0.8 times the vertical reaction,
These can be altered to easily reflect all influencing parameters except
forward velocity. There are nomograms which permit calculation of rolling
drag as a function of tire, soil and single wheel load, Hence, the rolling
drag coefficient for the particular vehicle could be evaluated using specified
procedures, rather than having specified values for all aircraft, Similarly,
the results of the rolling drag analysis can be used in braked drag equations

to determine the effect of braking upon landing rollout.

Of particular significance in calculating braked rollout would be the
evaluation of braked rut depth. The braked rut is greater than the free
rolling and the performance of multiple landings and takeoffs could be severely
restricted unless this is recognized. Consequently, any landing and take-
off specification should reflect not only the drag ratio analysis, but rut

depth generation as it influences multipass operations,

.
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SECTION X
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The reported results of the past years research have generated the

following conclusions.

Turned Tire Phenomena

1.

2.

3.

Drag, sinkage and rut depth increase with turn angle., The
increases are greater in cohesionless soils than in cohesive

soiis for a given load and soil strength.

The lateral load ratio can and in some cases will exceed one-half

where the turn angle becomes large.

Prneumatic trail is negative (behind the tire axis) and decreases
with turn angle in cohesive soil, Pneumatic trail is positive and
increases with turn angle for cohesionless soil, Therefore,

the trail generates a stable condition in cohesive soil and un-

stable in the cohesionless.

Realistic results are generated by an analytical model of a

turning aircraft using predictive equations from tire test data.

Computed turning results indicate that current specified nose
wheel steering angles generate turn angles greater than those
used in the laboratory tests. Additionally, load strength ratio

limits were exceeded.

A limited parametric study indicates that the optimum means of
turning, considering force ratios only, is nose wheel steering
only, nose wheel steering with engine thrust differential, and
differential braking last, If an extremely tight turn is required,
only an analysis considering the vehicle configuration can

determine the best balance of steering, braking, and thrust,
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Multipass Response

1.

2.

3.

Rut depth generated by a single rolling tire passing over the
same path in cohesive soil, can be calculated by a linear change
from the first pass rut depth for approximately twenty passes not

exceeding a three-inch cumuiative rut depth.

Drag forces measured on the same single free rolling wheel
passing over the same path do not significantly increase in a

cohesive soil.

A single wheel which alternates path and braking generates a rut
depth which can be calculated using superposition of constant

coefficient effects all related to first pass sinkage and rut depth,

Start-Up Forces

1.

The limited data examined indicate that the start-up drag force
ratio can be approximated as a function of the first pass free

rolling drag ratio.

The data indicate that there is a trend which follows the load
strength ratio, o /CI, but there are other effects more directly

related to total force and cone index alone which are not yet

defined.

Roughness Effects

It is possible to model the soft tire/soft soil response using lumped

parameter elements as well as soil properties. The computational time

may be excessive for a ''real world' simulation.

B. RECOMMENDATIONS

Turned Tire Phenomena

1.

Additional tests are desired for tires operating at greater turn

angles with and without braking., It is not known how the braked
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drag is influenced by the sinkage created by the turn angle. This

st

UL

effect can be significant as shown by the computed results.

Aprrd

Full-scale testing of an instrumented vehicle as developed in the

™
L]

Test Plan of Section VII is necessary to validate the digital

program developed from tire test results.

Multipass Response

1. All results generated during this research e’fort were for
cohesive soils. Therefore, the next step required is that of
conducting another test series using a cohesionless soil for

similar test parameter ranges.

2. The direct and indirect rolling and braking, rut depth coefficients
exhibit an apparent reversal at a particular value of P/CIL. Tests

should be conducted over that range to validate the limited data

available.

Start-Up Forces

1. A test series should be conducted to isolate the effects of time,

tire pressure, load strength ratio, and total force upon start-up

force.

Roughness Effects

1. The lumped parameter values for the computer model should be
established for several tire configurations using existing test

data, Tl.ere are test results available to establish tire coefficients,

AR L AR

rolling tires on rigid surfaces, and to establish soil coefficients,

rigid tires on soft soils. After these have been developed, selected

i "roughness' configurations can be studied. ’
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APPENDIX A

CHARACTERISTICS OF AIRCRAFT USED FOR TURNING
PARAMETRIC STUDY




AIRCRAFT PARAMETERS

GROSS WEIGHT

INITIAL GROUND VEL. Vg =

TIRE DATA--

TIRE DEFLECTION(™)
TIRE DIAMETER (IN,) ON
(IN.
TOTAL NO. OF TIRES
NO. OF TIRES/BOGIE

FLANGE DIAM.

GW = 133000.0 LBS.,

NOSE

DE 35,00
38,00
) DOFN 18,50

NN

NO. OF TIRES~-~TANDEM

NO, OF TIRES=-~TWIN

TIRE TYPE

TYPE 3

TIRE AND CoGe DISTANCES==(IN INCHES)

NOSE GEAR C.G.
NOSE GEAR C.4G.
NOSE GEAR C oG,
NOSE GEuMR CeGs
MAIN GEAR C.aGe
MAIN GEAR C.G.
GROUND LEVEL -
GROUND LEVEL
BETWEEN CeG .o *S
THIN SPACING
THIN SPACING
TANDEM SPACING
SOIL PARAMETERS
CONE INDEX
SOIL TYPE

ENGINE PARAMETER

TO

TO
10
T0
T0
T0
To0
T0
of
ofF
OofF
Of

FWD CeGo

AVE C.G.,

AFT C.G,

MAIN GEAR C.Go
FHD C.G.

AVE C.G.

FHD C.G,
ENGINE

LEFT & RIGHT MAIN
NOSE TIRES
MAIN TIRES
MATIN TIRES

CI= 192.00
NTYP= 1

THRUST DIFFERENTIAL PE= 1.00

.0 KNOTS

MAIN

DEM
DM
DFM
NM
N1
NM1L
NN1
TYP

m o uwan n i

L
AL
LL

F

M

AVM

U
UE

E
SN
SM

SNM

LI T S LI {1 2O O A ¢ 1 [}

C-130 Configuration Vehicle Characteristics
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35.00
55420
24400

conNN &

346,30
353,880
371.30
388.00
41,790
29,20
150.00
163,00
172,00
22.00
.00
60.00




. . . —
. RN . . ~ [t -
Iy ‘«\ ;,\‘ ) ‘ ' *— - & Do ’ C . . - e gl s "7

b . .. . LT " s iy sy
kst ot s o e e e 1 o PO R R e e AR e St n L AR v e g MY

T ATRCPAFT PARPAMETERS oo T o
GROSS WSIGHT GW = 3403°.7 LBS, o
T TNITIAL GPOUND VEL,. Vi = 5,0 KNOTS T
COTIRE DATA-- T T T TTTTUNoSE TMAIN T - -
TIRE DEFLECTION(Y) Dz =  32.0° DEM = 32.C0
TIRE NIAMETER (IN.) N = 23,73 DM = 354565
s _ FLANGS DIAM. (IN.) DOFN = 11,81 DOFM = 18,75
i " TOTAL NC. OF TIRES NN = 1 NM'= e
3;' ____ND, OF TIRES/BOGIZ ) ) NL = 1
ki NOe OF TIRES-~=-TANNEM NM1 = I
3 NOy OF TIRZS=-=TWIN NNi = 1]
g_ TIRT TYPE TYPE 77 TYPE 7
.’1;' o — . . N —— e e - mm e e e e e e e n wm— h ——
é TTIRE AND C.fe DISTANCES=-<~(IN INCHES)
NOSE GEAP C. G, TO FWD C.G, L = 184,70
- NOSE GEAR CeGe TO AVE CeGo AU = 188,25 "‘
NOSE GEAR N.Gse TO AFT CuG. LL = 191,79
ROSE GEAR Cefe TO MAIN GTAR CoGs F'=" 212,79 ~ —77°°
] MFIN GEZAR Coehe TO FUD CoGos M = 214t 3 _
MATN GEAP CoGe TO AVE Co4G. T OTAVM =7 T 24,55 -
GROUND LEVEL  TO FWD C.G. y = 89,10
- GROUNT LZVEL 10 ENGINF Uz == 113,43 ”
BETWEFEN CoG,o?S NOF LIFT & RIGHT MAIN E = 2(G5,856
T TWIM SPACING OF NOSE TIRES ~ = 7 SN = ve00 B
TWIN SPACING OF MAIN TIRES SM = _eC0
TANDEM SPACING OF MAIN TIRES SNM = 34060 -
) SNIL PARAMETERS
- CONE TNOEX 1= 192,LF T -
SOIL TyPr o Nyyp= 1 . L
EMGINE PARAMETER =~ = =~ 7 o s s T ?

THRUST DIFFERPTNTIAL Pe= 1,20

Attack Vehicle Characteristics
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AIRCRAFT PARAMZITERS
e e o -=— GROSS MEIGHT . ... _ .GW
INITIAL GROUND VZIL. v

 TIRE DATA--

cv e .JIRE OEFLECGTTON(AY . _DE
TIRE OIAMETZIR {IN.) ON
FLANGZ GIAM. (IN.) DFN
T0TAL NO. OF TIRES NN
- . NO. OF TIRZIS/B0GIE
NO. OF TIRZIS=-~TANDEM
e - . N0y DF. JTIRZS-<-THIN. .
TIRE TYPE Ty

TIRE AND C.G« JISTANCES--(I

e —m e — NOSE. GEAR J_G. _TO_FWD C.

NOS: GEAR C.G. TD AVE C.G. AL = 44,20
- - . NOSE GEAR C£.G. IO AFT C.G. - SLL = 4524680
NOSE GEAR C.6. TO MAIN GEAR C.G. F = 487,010
_. MAIN GEAR C.G. TO FHD C.Gs M = 59,21
MAIN GEAR 5.G. TO AVE C.G. AVM = 464,80
e - -GROUND_LEVEL TG FHD Cabe — ... U.=_ 178,00 .
GROUND LEVEL TO ENGINE Uz = 241.00
BETHEEN C.G.°'S_OF LEFT & RIGHT MAIN £ = 223.00
TWIN SPACING OF NOSE TIREY SN = 31.00
THIN SPACING OF MAIN TIRES.. .. . S4 = 60.00
TANDEM SPACING OF MAIN TIRES SNM = 35.00
e -SOTL PARAMETIERS = . e e e e m e
CONE INDEX CI= 192.040
SOIL. TYPZ NTYP= 1

ENGINE PARAMETZR

.2 2180000 088, L L.
¢t = 5.0 KNOTS

NOSZ MAIN

LB 32.u _ DEM =....32,.012

= Ll 0t 0™ = 40400
= 19.50 0OFM = 19.58
= 4 NM = 8
- Ny = 4
NML = L
.- - ..NNY = - '
pE ¥+ TYPE 7
N INCHES)

Go e o— . L= 427,80

oo e JHRUST DIFECRENTIAL PE=. 1488 o e e o

Advanced Tvanspcrt Characteristics
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PROGRAM LISTING FOR ROLLING TIRE ON SOFT SOIL
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Gasgids

b

Tro318s 33!33“!!835!8‘58555 TRI3SIRSSSFLEBSFTEISST 533333583»‘“8%!“3 8333533”3583”5383

———— - — em e - SS¥NINTC SOURCE-LANGUAGE PPOGRAM®S®® e irieet cm e = o
VEFSINN 1 16/64/68 MOD LEVEL CO91
- 1 SOFT TIRE WLLING ON A SC(FT SURFACE. - ——— Sy S O O
CONAVO ,Z0,POP4MB4WP)
— - R CON(HH HNyRH o IN) U U [R— -
CON(HT ,xT,CT BT
- LONIHS XS4 CS e LSS e HS L ’
CONICOHS, IFS)
- 2 CALCULATE NE£0Z0D CONSTANTS. . . - et e e e i an i =
MY WT/33%6,
- . MW HH/386. RV - - —— e e ———— e
NP WP/386.
- HS. __...WS/7233&.
oM VO/RH
- AZ BT4L.1571*RM PO PO e g m -
3 CALCULATE ACCIULFRATION OF WHEZL HUB VERTICALLY
- 202w (~P+TSUMHFSUMY/ (HH4MP) ~ 386, O
31 CALCULATE SUM IF TAHNGSNTIAL FORGCES

— TSUML+TIUM+TSUMS

RSV ——— 11 ]

T5uM1 Tl'COS(THUOTZ‘COS(THZDOTJ‘COS(THMOT“'COS(TH'O)
PR Tsur2 ToPCOSUTHSI4TO*COS(THE) ¢ T7*COSC(THTI#TBOCOSITHBY _ . o L. .« e
TSUK3 TI*COSIT H+T10*COS{TH10)

. 32 . CALCULATE SU4 OF SPOKE FORCES

FSUM FUT1SSTN(THL) 4FVT2SINITHZ) +FVT3*STN (TH3) 4 FSUNL
i e e ESUML L FVTASSINCTHL) SFVTS*SINC THS) ¢FVT 6ESINATHS) # FSUM2
FSuN2 FUT10¥SIN(TH10)
e - 33 TANGINTIAL FORCZ PERMITTED AFTER INPACT. o o s
71 LSH{50,T12,0.)
——e - i2 L3416024123p Je) e —— SRR
T3 L5H{GO03,T38504)
—— B (- LSHIGOL,TuB, 0.2
15 LS4(G054T750, 04
N e 16 LSHIG05,T68,20)_ .. - e - — _—
17 LSWIGO7,T179,3.)
RS LSHIG03,7188,3.)_ -
19 LSH{609,T98+04)
—_— T1d. . - LSH(GO1.,T103,40. )
34 RELATIVE VELOCITY DICTATES SIGN OF T
———— e e - T8 FSHIRVIL,~T1A+34+T1AN.. —
. T20 FSHIRVIL24-T2A,0.,T28)
: ——— © —e - T33 FSH(RVEL34=T3A, 04, T3A) - - —— --
: T48 FSWRVILhy=Tuly34yTuA)
“; 158 FSH(RVELS.-I;A.B.JSM N
3 168 FSHIRVILE+=TBA,044T64) i
b R 84 FSHORVELT 0 =T TA D a g TTAY o e et e e —m e :
H T8 FIWIRVEL84=T 38,04 4T8A) H
;S - - ee . Ta8 FSH{RVILO,=T3A,04,T9R) - —_— - — ,
M ! Tie@ FSH(RVIL10+=T104,0.+7104) .
" 35 RELATIVE VELOCIFY AT _SPOKZ SURFACE .
{ RVIL QEINTH1-10XH*SIN(THL) ;
i e e . - RVEL2 R2*10THL-LDXH*SIN(1H2) H
RVEL3 R3*10THL=10XH*SIN(TH3Y ;
..... RVELY R4*10THL-LOXHOSIN(THRY L ___ . e - e e e
RVELY RS®10T41-10XH*SIN(THE,
——————— e - RVELG .. PD*10THI-10XU*SIN{THE)
RVeL7 R7T*10THL-LOXWSSIN(THT)
- ) RVzLS RYSL0THL-LUXWSSINITHE)Y . L . — U,
RVELY RY$10THL-10XASSIN(THO)
- . RVELL0  RIDYIOTHI~LDXMASINGTHLON) . | o i it e o ammnn e e
36 HAGNITUDZ OF FRICTIOWAL FORCE ¥ e
; T1A (AZ*COHS#NL® IFS) *MUSL e e e oo e m e ..
fe.
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o ot oy st

LSH(GO 2+ 10ZH 2By 0 o o e

e T D e s R N RS § e IR BTSN
T24 (AZ*CONSHN2*IFS) *MUSL2
oot e emeee T3A L. CAZSCOM3eNICIFSI®HMUSLY _ . _ . . oo
ThA {A7°COHSHNG*IFS) *HUSLY
————— e m - IBA (AZ*CCHS#NS* IFS) $MUSLS. -
TeA (AZ*COHSHNA*IFS) *HUSLE
I2A.—_  tAZ*COHIeNT*IFS) *HUSLZ
T3A (AZ2*COMS+N3® [FS) #*MUSLS
e <o wm = =~ T9A (AZ*COM34NY* IFS) *MUSLS
T1dA (AZ*COHSHNLG*IFSI*HUSLLY
NI ¥ AU CU3E ROOY OF SLIP __ . ___ —
MUsSL E¥PL0.333,SLIPY
MUYSL2.____EXP(0.333,SL1P2)
MUSL3 EXPLD.333,SLIPI)
e s e e MUSLL . EXP (D6 333,SLIPLY
HUSLS cXP1I. 333,SL1PSY
e = e - - - . MUSLE IXP(Je333,SLIPGY
MUsL? EX2().333,SLIPT)
MUSLA . _EXP({2.333,.5L1IP8)
MUSLY EXP (0. 53245L1IPRY
—— MUSLiL IXPLI.333,SLIPLQY -
38 SLIP IS RELATIVS VILOCITY OVER R OMEGA
— - —. SLIP A3S(RVIL/Z (IDTHLI*R) }
SLIP2 ABSIRVIL2/(1DTHLIYR2Y)
——v e SLIP3 . ABSURVIL3Z(L0THL*R3) )
SLIPY ABS(RVELLZ(LOTHLI*RYY)
—— s _ .SLIPS A3S{VILS/(L10THL*RS))
SLIPE AQS{RVILE/(1ITHL*REY)
————— _ _ SLIP? ABS(RVIL7/(10THL*R7))
SLIP8 AAS(RVELB/(19THL*RE))
SLIPY ... AU3(RVILS/{12THLXRI))
SLIPAC ABS(RVILIO/(L10THLI*R10))
—_——_ 39 FORCES IN THZI SPOKE " PR e et
FyT1 (KT2{Z2T1=Tu1)+CT*{102T1-10ZHL) I /SINITHL)
e ol FVT2 (KT (ZT2-IR2)Y+CTH{1DZ2T2=-10ZH2) ) /ST M(T2)__
Fy13 (KT2 (7037431 +CT*{L10Z2T3~0ZHIN /STNUITRD)
_EvIG JIKT®(2T4=~ZHu) +CT*(1DZ2V~102Z44) ) ZSIN(THY)
FVTsS (KT*{ZT5-2ZH5 ) +CT*(102T5-10ZNE) ) /SINITHS)
—_— . FVTE. (KT* (7T5=-20C) +CT*(LDZTH-1DZH6) ) /STHITHEY _ ___
FVi? (KT (277207 ) 4CTH(L0Z2T7~4DZH7II/SINCTHZY
e FUTY_ _ IKT*{2T3=7WB)+CT(102T8~102HE)) /SINITHE) _ _ _
FVyTg (KT*(ZTI-ZW9) +CT*(107279~10ZHY)I/SIN(THI)
—_— FYTL _  _(KT*(ZT10-ZW10)+CT2(102120=10ZW10) 1/SIN(THLL)
b CALCULATE HUB RLLATIVI vzLOCITY
[ 3 § SPCKE VZILOCITIZS AFTZR IMPACT. .
1NZuW1 LSH{GO,102ZW18,0,.)
P £ ¥ 4 V-3
1DZ%3 LSH(GO3,10ZHW3B,0.)
1QZW6e ____LSHIGO%910ZH4B,0,)
10245 LSW(G05,10ZH5840,)
e e - -1O2¥6 LSH(GO5,10ZH60,04) . _ R
10Z%7 LSH(GO7,10ZH78,0.)
DU — 10ZHS LSHI{GO8410ZHBBy0e) .. . e .
107Z%9 LSW(G03,122038,04)
————— —. 10ZH1C LSWH(GOL241DZHAB, G )
42 INTEGRATE ACCEL:RATIONS AFTER IMPACY
e i o me - 10ZML8 . 1HTU(2CZWA ML TRUELGOY —
10Zw28 INT (20241 W2 ,TRYE,G02)
—— {0ZW3R INT(20291 4 HIZTRUEZGO3Y . ... . .. . - .
10ZWGLE INT(202ZH1 444, TRUE,GOG)
e . ADZMS8 INT (20241405, TRUE:60%)
10Z%68 INT {20241 +Ho 4 TRUE GOE)
102ZW78 INTC2D02414M7 s TRUELGO?) . __ .. . . . .
, 10ZvA8 INT(202W1 M8, TRUE,G08)
R 102496 INT(20ZH14HI,y TRUE,GO9)
1DZHAB INTL20Z414W17,TRUE,GOLD)
43 TRACK AND STORZ INESRTIAL VFLOCITY
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TS P, ot o e 3 S BRI o gy

it
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e
w74
e
A8
'j.‘,
1
b wi TAS(10ZW1A,INE,34)
= . W2 TASELOZHLA L INZ Y0 ) e e e et e e A ——
W3 TAS{LDZWEA,IN3,T,)
— - W - TASCLUZNEA THED ) - o e e i e e RPN
'H TAS(1DZ914,145,34)
—_— He TAS1L0ZH1A,IN6,0.)
w? TAS(LCZA1A,IN7,0.)
- . T TASUL0ZNIA,INS,0.) o . e e
w3 TASU10ZH14,INDd4)
- - H1C TAS(1DZHIA,IN10,0e) - - - ot ——— — ——— —
10ZW1A  INT(20Z1,20)
e W . . CALCULATE SPOKZ DISPLACEZMENT.AF.TER_INPACY
i1 INT (10241 ,43. ,TRUE,GO)
- . Zn2 AT (10242400 s TRUESGO2) e e . _— -
743 INT(102M3,3, » TRUE,GO3)
. Ziy INT(10246,24 4 TRUESGOYG) — . . S — IO —
N5 INT (10245, 3. 5 TRUE,6OS)
‘ et e o e . IMB .l INT(LDZAE 434 o TRUE,GOBY
27 IHTLLD7d7, 3., TRUELGO7)
: o . 2We INT(10248,2, s TRUE,GOBY . ___ . e et e e
’ 249 INT{452ZHY4)4 4 TRUE,GOY)
- 241) INTCLDZH10404 9 TRUEGGOLOY - oo o e e e e
ZH1A INT(107414,3,)
e amnS -~ .CALCULATE .ACCZLERATION OF TIRE.TREAD
29771 (=FVT1-ES11/4T-385,
- 29272 (=FVT2=FS21/MT=3880 oo . o o oe oo . e e e e e
202713 (~-FVT3-FS31/4T~386,
- , 20274 (=FYT4=FSU) 7 AT=3860— oo — - —_
23275 (~FVTS-FS3)/MT~386.
v ee e = e 2DZTB —.. (~FVTB=FS$5)/74T~386
20217 (-FVT?-FS7)/4T~386,
= _— . 20278 (~FUTB=FS3)7UT~3860 oo o oo oo e I
20279 (-FVTI=F$9)/4T~386.
202712 (-FYTL)-FS10)/MT=385, . - .. - .- - -
51 TREAD VILOCITIZ> AFTER IMPACT
—~———— - 40ZT4-—- LSWIGO,1D2T13404)
102712 LSH(602,1)2128,0,)
I 10273 L3W(G03,10ZT 38,040 — oo . S -
10274 LSHIGO4410ZT48,0.)
- I 10ZT5 . L3SW(GO3,102T58,04) -
10276 LSHIG0B419ZT68,50,)
e e - ADZTT o LSH(GD7,102778,2.1
10218 LSH(GO3,40Z7 38404}
e e 10279 . LSH(G03,10ZT33s0ed._ o — -
10ZT16  LSWIGO13,10ZTAB,3,)
- - 32 - - INTEGRATC ACCELZRATIONS AFTER IMPACT.... o e e — - —— e -
10ZT4B  INT(2D274,21,TRUE,GO) ,
102728.._ INT(20212,22,TRUE.GO2L i
! 102733 INT(20273+23,TRUE,GO3) :
: - 10ZT4B  INT(20ZITu4,244TRUE,GO&) . __ _ —— —— i
s 102158  INT(2D275,25, TRUE,GOE)
§ ——— . 102768  INTU2GZT6426,TRUE,GO6)— —— — -
: ANZT78  TNT(20217,27,TRUE,GO7)
H e e e ADZTB8. . INT{202T8,28,TRUE,GOBL.
H 192798  INT(20219429,TRUE,G0O9)
- . . 10ZTAS  INT(202743,21C,TRUE,GOLA)_. __ —
53 TRACK AND STORZ,STORIS AT INPACT
. 21 TASIVILW I 9d0) oo o . - -
3 22 TASIVT2,142y 34)
$ e e ¢ R e L TASTUT 3, INZ, 000 -
H 74 TASIVTG,ING, )
. 5 TAGIVT5,I4%5,0.) .. —— N
75 TAS(VTH.ING, Q)
1 — rad TASIVI20IN 9 30) o e e o e e e ; ——
29 TAS(VT3,IN3, 1)
29 TASIVTS.ING 24D e e e e i e e em
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—————— & INITIAL IMPACT VELOCITY OF SFOKE PR e v e e e ot o e e et e
vTL 19ZHLA=ANC LOTHLISCOS(THLY

e - vy2. . L0ZHLA-INPLOTHL*COS(THA) - - [N - [P,
VI3 L0ZMLA-2W LD THL®COS (THI)Y
EANY ~10ZH1A-IN* 1D THL*COS (THLD
vis LUZN1A-2W* 1 DTHL*COS{TH5)

— - - - . ¥Té 1DZNLA-RNSLOTHI*COSLTHA)
NT17 10ZW18~M*LOTHLI®COSCTH?)

[N LOZHIA~RH*LOTHLYCOSC(THE) . SR - —_
Ak L0ZWLA-R*LDOTHLI®COS (THY)

e e amrenm e N TA D _ADINAA-AN*LOTHL*CAS (THLOL
N1 LSWIGD 4FALSE , TRUED

USRIV ¢ 4 LIWIGO2ZFALSESTRUED . o e o ————
IN3 LSHIGC3,FALSE »TRUEY

———— - ING LSHIGO 4 FALSE +TRUEY .. - - RS
INS LSHIGC3,FALSZ 4 TRUE)

JOSE— e ING .. LSH{GO5,FALSZ,TRULL
IN? LSHEG07FALSZ I RUED

— - - .INS LSA(GOA,FALSE o TRUED. .. ———
INg L.SHEGOI,FALSE «TRUE)

——— - INL9 LSHIGCLOFALIE, TRUE) . - o e s o e Aot ot e et e s

56 TRIAD DISPLACEMINT AFTER IHPACY

s e e e LV h . INT{L027143¢ 4 TRUE$GOL

272 INT(ACZ2T2,40,. » TRUE,GOR)
— - . 213 INT(1027 3904+ TRUE,GO3) _— - [P
ITn INT(ADZT4ede + TRUEGOL)
e e e e - 275 INT(L02T5434 s TRUESGOS) .. — e e
17 INT(L10ZT643. + TRUELGOE)
ZY7 . INTCADZT740. +TRUELGOTY
278 INT(LCZT84)4»TPUELGOB)
PR, - ... 218 INTUL0219504 s TRUESGOOY —— ——
P48 %] INTE102717,5.,TRUZ,6010)
. 57 NORMAL FORCES g TREADS JR U - e -
N1 “FS1#SINITHL)
— N2. ~FS2%SIN{THZY
N3 ~FSI*SIN(THI)
— _. _ N&. “FSLPSTIITHLY | . e e e e e e e
N3 ~FSESSINL(THS)
— I (- ~FS6*SINITHEY_ - PN O
N? ~FST*SINITH7)
e N8 ~FSBESIN(THAL
N9 ~FSO*SIN(THI)
e e — NiO ~FSLOPSINCTHLOY e, e e e o e =t = o
) CALCULAYE ACCELERATION OF SOTIL MASS
— 202514 RS =l sSR0SI NS L o e e e e e m e o e o e e
20282 (FS2-CSS5*1DZ52)/1S
20283, ___(FS3-C35*29253)/N5
20254 (FSL=CSS*¥10ZSk) /NS
e 202sS (FSSeCSG* 0SSOV /NS . e —- —
20256 (FSE=C33%101561 /84S
S e . 20287 LR o it U ¥ 2o b I |- U
20286 {FS8-CSS* 10258 /NS
e e e e o A e 20759 . . (F39~CS3*10ZS9)1/MS
252510 (FS10-~3SS*101S101/MS
e 61 30IL FORCE MUST BI COMPRESSIVE ... — e v P
FS1 FSHIFSLASFS1A+0.,04)
- . FS2 FSALFS234FS28,30490,) .. o e . P et e e e v tatn -
FS3 FSHIFSIAFSIA404404)
e e o FSU _ _ _FSHIFSUANFSUAL0e0,)
FS5 FSHEFS38,FS5R40440,)
FSo FSHIFS38,FS6A4d4904) - - . — . - [, . -
FS?7 FSHIFSTA,FSTA400000)
- . FS8 v FOWUFSSASFSBAN0.s0eY . . Ll s e e e e + o = e
FSY FSHIFSONGFSGA 0. 40,)
FS10 FSHIFSLIAFSLAAO. a0}

REoE et oty
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62 FORCZ ABOVE SOTL MASS
- - .. FS1A (KS*UZT L2 4CS (A0 ZTa~20280) ) o e e+ e e e
FS24a IKS*{ZT72-252)4C5%(10272-10252))
— e - -~ FS3A (KS*{ZT3-253)4CS*{L1D2T3-102S3)) . . — —
FSLA (K5 (ZT9=2S4)4CS* (102 T4=1DZS4))
FS5A (KS*{ZT5-2S5)14CS*(10215-10255))
FS6A (KS*(ZT5-25614CS*(102T6~10256))
- FS7A (KS*{Z17-257)+CS*(1D2T7-10257)) ... —
FSAA (KS*({ZT3-258)+CS*{1D0278~10255)}
— . F394 (KS*(2T73-7259)+CS*(10219-10259)) ...
FS10a (KS*(ZT16-2S156)+CS*(402T710-10251C0))
— L. .~ CALCULATE. SOIL. VZLOCITY AND OISPLACEMENT
10251 INT(20251,3.,TRUE,GOY
— - 10252 INT(20232,24 9 TRUEWGOR) o ———
10283 INT120253,3. »TRUE,GO3)
P - 102S4 IHT (20235440, + TRUE, GOGY . __ _ e
1025% INT (20255, 3.+ TRUELGOS)
imee-= 40256 .. _INT(20256404 +TRUE4GOBL ——
10287 INT(20257,40. ,TPUZ,GOT7)
— - - 1D2s8 INT(2C258,0, 4 TRUE,GOBY.. - e i e e s 8 e
19259 INT(2C25940, 4 TRUE,GOS)
— - 10Zs1) INT{20251040.,T2UZ,6010)_ ~ P— e —— e
7 ESTABLISH WHEN IMPACT OCCURS
[ERSTEPISUE———— | S 47} ¥ Y'Y Iy
OIFF (THRH=RWPSTNITHL) ) =HS
—. 0IfFF2 (THR=RWOSINGTHYY=HS . . . -
DIFF3 (THH=-PWH*SIN(TH3) ) =HS
— . DIFF4 (THHR=TA*SIN(THA) )=HS .. __ ———— e ————
OIFFS {THH=RY*SIN(THS) )=HS
e et e e e emne -DIFFGB . (THH=RH*SIN{THE) ) ~HS.
DIFF? (THH=RA*SIN(TH?) )=-HS
DIFFa (THR-RWU*SINCTHE) d=HS _ . . e e e
NIFF9 (THH=RU*STN(THI) }=HS
R CIFFL2 (THH=-FA*SINITHL0) ) =HS _ - - - - - - cr m m—————
72 21 INSURES RESET AT MAX ANGLE
——— e —eeemee BL i LSAtGOA Ly =1e)
B2 L3HIGO2 420y 1e)
— .- 83 LSWIGC3IBy=14914) P
84 LSH(GO4D =14 y14)
—— iee-. -BS L3W(60384=1,414) ——
B6 L3(G0G8T 9 =14 914)
Bl LSHIGC7By~10y14)
8s LSHIG0839~4441,)
—— e e cmm... B9 . L3M{G0%3y~1441.)
810 L3H{G019Bs=14914)
73 GO INSURES SPOXT RICOGHIZES IMPACY - .. e e e e Ce meme e e e mm e ean
G0 FSR{DIFF 4 TRUE s TRUE yFALSED
G602 FSHIDIFF24TRUETRUE,,FALSED
G03 FSWICIFF3 . TRUF 4 TRUE + FALSE)
— e [N FSHIOIFFU o TRUSSTRUE W FALSE) . o e e e e e
GOS FSHIDIFFS . TRUETRUE yFALSE)
et a i o e G0s FSU(DIFFOsTRUE,TRUE,FALSEY . ... —— —_- D
607 FSH(DIFF7,TRUE,TRUE,,FALSE)
———— =008 . . FSWICIFFBTRUE,TRUL+FALSEL
609 FSHIDIFF9, TRUE,TRUL yFALSE)
PSSR 1\ D & FSALCIFFL) 4 TRUS, TRUZ LFALSSE). . — v arme v e = om—aa ot o o
Th SOIL DISPLACEMZNT
— . = . FA3Y INTCLDZ31,0. 4 TRUE,LGOY . e e o e — e ot e s 4 e e = i o o
252 INT(10252,04 4 TRUE,602)
233, INT(202%3,0.4TRUE,GO3)
54 INT (10256404 4 TRUE,GOWY
- . - 285 INTCS0235 400 s TRUSIGOS) L e o e e ——
156 INTU102564)4 4 TRUE$GOG)
R . - 157 INTCADTST o o TRUSHGOT) Lo o o o et et et e = e oo o e rarmn s mmem
[4.) INTCL025840, » TRUE,GOBY
789 INTCA0ZS940, « TRUE«GO9)
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2510 INT(I0251040.4TRUELGOLO)
—_— . 8 CALCULATE TIRE ROTATFIONAL ACCCLERAVION ..o ol e
20THL {-TOR«43) /1IN
[V} S CALCULATE MOMENTS DUZ TO SPOKF FRICTION . .. ————
TOR TI*ReT2*R24T ISRI+TLORLETESRE+TORE
TORS T6*Po+TZ%R74T22R8¢T9%RICTLDIRLL.
a2 CALCULATE RADII
—————— = e R . RUE(2ZNL-2T1) /SIN{THL) -
R2 RHE(IN2-2T2) 7SIN(TH2)
————— e - R3 L RW#(ZWU3-2T3) /SINLTHI) -
R4 PUH(ZHL=ZTu) /SIN(THUL)
RS REH(ZU5-2T5) 7SIN(THS),
RS RW¢(2ZW5-ZTH) /SIN(THB)
e = e~ RT L FHe{ZHT=Z2TT7) /SIN(THT}
R3 Rus (ZW3-2T8) 7SINLTHA)
et = e e - - RI AKS (ZWI-2T91 /SIN(THI) —_—
R16 RUL (2WL~2ZT1II/SINCTHLO)
10THL. . INT(20THL,0M)
83 ALL SPOKES START 3A5I0 ON THL
e oo e - THL INTUL0THL,345069 TRUELGOAY - .
86 TH1 RESETS AT MaX ANGLE
[ .- 624 FOW(THI-2.476,TRUZZTRUELFALSE) .
85 ANGLES CAN NOT 3E NeSATIVE OR ZZRO
TH2. .o .- FSHITH2142461640.6C6,TH211
TH3 FSW{TH3140.636+0.606,TH3L)
e 1 FSMITHG140.060000.605THOLY . _
TH3 FSWITH31,3.606+0.606,TH31)
e e e . THE —. FSH(TH5140.676,0.60G6,THOHLY. . .
™7 FSHITH7L42.61640.606,TH71)
——t e TMB L FSWUTHS1,3.63640.606,THEL)
TH9 FSHiTHI1,4).606+0.606,THIL)
—— - -~ TH1) FSWETHL.145.50000400€,THL0L) -
86 GET LOGICAL CONTROL AWAY FROM ORIGIN

.- 69203 FORU(T=12,654)/700M)),TRUE,TRYE,GO23Y _
Go481 FSHO(T=(1.5%14)/7(0M)) ,TRUE,TRUE +GO3T)
e e e e GOHBL L FOHI(T={1,614)/700M)) ,T. .U TRUE+G04BY

60591 FSHULT=(1.414)700M)) ,TRUE4TRUE+G0O58)
—— - G0681 FSHUIT=(1.416374(04)) ,TRUET,TRUE,GOBB)

60781 FSHLLT=-(1,4143/740M)) ,TRUELTRUL,G078)
—— - 60881 FSHE(T={1.4104)7(0M) ) 4TRUE,TRUESGOBDBY ..

LRSS FSHL(T-1{1.414}/7(0M) ) ,TRUZ,TRUE,GOSY)

e e e (30108 FSHUT=(1.414)7(0M4)) +TRUETRUE»GOL2RB)
87 ESTABLISH START FOR OTHEIR ANGLES
—_— = - . Goz2e FSHITHL-G 763 ,FALSEFALSEZTRUEY. . . ___. . _
Gn3e FSH{THL-0,927,FALSE,FALSETRUE)
— e . GOuB . FSH{TH1-1,)77FALSEFALSEITRUE). .
G958 FSWITHL-1,23044,FALSE,FALSE,TRUE)
5068 . FSHITHI-14394+FALSE.FALSELTRUEL
6078 FIH(THL=14543,FALST,FALSE,TRUE)
—— G088 FSHATHL-1,735FALSZ,FALSELTRUEY . __ ...
Go9e FSH(THL-1.862,FALSE,FALSE,TRUE)
- .- 60109 FSHITH1~2.01 3,FALSZyFALSEZTRUE) . ..
.14 SGUATIONS FOR OTHIR ANGLES
TH2L ... - LSH(G0231,TH1-0.157,TH1+2,013) .
TH31 LSHIGO3NL,TH1=-0,314,THL+1.862)
e . THuL LSWIGCHAL o THL =00 471, THL#3.705) . ... . _. .. . .
THS1 LSHIGO5T1+TH1«0,628,THL ¢1.548)
- THoEL LSHIG0631,THL=-0,785,TH1+1.391) ———— =
TH71 LSH(GO7314TH1=0.942,THL1#1,234)
. JHBL ___ LSH(G0491,TH1~1.,099,THL+1.027)
THO1 LSH{GO30L,THL=1,250,TH1+#0.920)
TH10L LSH(GO12BL THLI=-1.43,THL140,763) L e
9 CALCULATE ACCFLERATION OF WHE.L HUB HORIZONTALLY
- - 20XH (OP+TOT-FORCII/Z(MA®NP) . . _ ... . .. . .
91 SUM TANGENTIAL CONTRIBUTIONS
T07 TASSIN(THI) ¢ T28SINITH2) ¢ TISSIN(THIN+T4SSTNITHL) +TOTL
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o i 1011 TSSSINCTHG)+TERSINLTHE) $ T7%SINCTH7 ) +T8%SIN (THB) +T0T2
e —— . ... . TOT2 TO*SINCIHII T LO®STINETHLISY . _ - e e r ————— - aam e = —— e oo . —— s
92 SUM SPOK® AXIAL CONTRISBUTION
e - - FORCE  FYT1%CI3(THL)AFVT29CCS (TH2) #FYT39COSATHB) WFORCE - corem — e m o comme o e oot
FORCL  FVTLOCC3(THL) 4FVTS#CCS LTHS) +FVT6COS (THD) $FORC2
FORC2.—FVT7®CIS (THT) #FVIB*COS { EHE) +FVII*CIS (THILLFORC3
FOPC3  FVT10°COS(THLM
e - - 10XH INTE2DXHeVOY . o o e i e e e e ———— i ——t ettt e
X" INT(L0XHe I o)
——————— = P DRAG (MAEMPI* 20 XM=0P - . o e e - —
ADRAG (INT (DRNG363)/7(Tee0C1)
L8 CALCULATE.TOTAL .SLIE
TOSLP  (RWS10TH1-10DXN)/ (10THL %W}
e DTHAX . OTMIN . _ — . e e e e e
OTHIN  ,GOC1
ST | SN ? S § . _ e
FIN(T,.7%)
e PLOCT Y ZTL,ZT322T5, 2T 219
PLOCT 4 ADRAG, TOSLP)
e Y < S _ _ e
: N
;
:
H
H
_— - .- e e - anee e e i —— o o a1 A b e . ¢ o o e e H
i
. —— —— . o et ;
. [ . e . e H
e e e —_— . —— e e e :
;
; e e e e e e e — —— e e e e
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